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[57] 



ABSTRACT 



Disclosed are cationic lipids capable of facilitating 
transport of biologically active agents into cells, includ- 
ing the transfection of cells by therapeutic polynucleo- 
tides, the delivery of antiviral drugs, and the introduc- 
tion of immunogenic peptides. The cationic lipids, com- 
prising an ammonium group, have the general structure 

H2C-V'— R' 0^ 
HC-Y2— r2 



Also disclosed are adducts of these compounds com- 
prising additional cationic sites that enhance the trans- 
fective or transport activity. Structure-activity correla- 
tions provide for the selection of preferred compounds 
to be synthesized for this purpose. Compositions dis- 
closed for use of these cationic lipid include formula- 
tions for in vitro transfection and pharmaceutical for- 
mulations for parenteral aiid topical administration of 
therapeutic agents. 

12 Claims, 18 Drawing Sheets 
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form hollow lipid vesicles, or liposomes, in aqueous 

CATIONIC LIPIDS FOR INTRACELLULAR systems. This property can be used to entrap the sub- 

DELIVERY OF BIOLOGICALLY ACTIVE stance to be delivered within the liposomes; in other 

MOLECULES applications, the drug molecule of interest can be incor- 

5 porated into the lipid vesicle as an intrinsic membrane 

This application is a continuation-in-part of U.S. ap- component, rather than entrapped into the hollow aque- 

plications Ser. No. 07/563,444, filed Aug, 7, 1990 aban- ous interior. 

doned; and Ser. No. 07/511,219, filed Apr. 19, 1990 Intracellular delivery of beneficial or interesting pro- 
abandoned, teins can be achieved by introducing expressible DNA 
BArKOROTINm nF THF TNTVPMTinv '° mRNA into the cells of a mammal, a useful tech- 
BACKGROUND OF THE INVENTION ^^^^ j^^^^ transfection. Gene sequences introduced 

The present invention relates to cationiclipids which in this way can produce the corresponding protein 

are used to enhance delivery of biologically active coded for by the gene by using endogenous protein 

agents, particularly polynucleotides, proteins, peptides, synthetic enzymes. The therapy of many diseases could 
and drug molecules, by facilitating transmembrane 15 be enhanced by the induced intracellular production of 

transport or by encouraging adhesion to biological sur- peptides which could remain inside the target cell, be 

faces. It relates particularly to cationic lipids compris- secreted into the local environment of the target cell, or 

ing ammonium groups. be secreted into the systemic circulation to produce 

Some bioactive substances do not need to enter cells their effect, 
to exert their biological effect, because they operate 20 Various techniques for introducing the DNA or 

either by acting on cell surfaces through cell surface mRNA precursors of bioactive peptides into cells in- 

receptors or to by interacting with extracellular compo- dude the use of viral vectors, including recombinant 

nents. However, many natural biological molecules and vectors and retroviruses, which have the inherent abil- 

their analogues, including proteins and polynucleotides, ity to penetrate cell membranes. However, the use of 

or foreign substances, such as drugs, which are capable 25 such viral agents to integrate exogenous DNA into the 

of influencing cell function at the subcellular or molecu- chromosomal material of the cell carries a risk of dam- 

lar level are preferably incorporated within the cell in age to the genome and the possibility of inducing malig- 

order to produce their effect. For these agents the cell nant transformation. Another aspect of this approach 

membrane presents a selective barrier which is imper- which restricts its use in vivo is that the integration of 
meable to them. 30 DNA into the genome accomplished by these methods 

Just as the plasma membrane of a cell is a selective implies a loss of control over the expression of the pep- 
barrier preventing random introduction of potentially tide it codes for, so that transitory therapy is difficult to 
toxic substances into the cell, the human body is sur- achieve and potential unwanted side effects of the treat- 
rounded by protective membranes which serve a similar ment could be difficult or impossible to reverse or halt, 
defensive function to the whole organism. These mem- 35 Liposomes have been discussed as possible in vivo 
branes include skin, gastric mucosa, nasal mucosa and delivery vehicles and some encouraging results using 
the like. While these membranes serve a protective this approach to the intracellular expression of DNA 
function preventing entry of toxic substances, they can have been obtained (Mannino, R. J. Fould-Fogerite, S., 
also prevent passage of potentially beneficial therapeu- Biotechniques 6, 682-690 (1988); Itani, T, Ariga, H., 
tic substances into the body. The complex composition 40 Yamaguchi, N., Tadakuma, T. & Yasuda, T. Gene 56 
of the cell membrane comprises phospholipids, glyco- 267-276 (1987); Nicolau, C. Legrand, A. & Grosse, G. 
lipids, and cholesterol, as well as intrinsic and extrinsic E. Meth. Enz. 149 157-176 (1987); Straubinger, R. M. & 
proteins, and its functions are influenced by cytoplasmic Papahadjopoulos, D. Meth. Em. 101 512-527 (1983); 
components which include Ca+ + and other metal ions, Wang, C. Y. & Huang, L. Proc Natl. Acad. Set USA 84 
anions, ATP, microfilaments, microtubules, enzymes, 45 7851-7855 (1987)); however, the methodology has fun- 
and Ca++-binding proteins. Interactions among struc- damental problems. Chief among the difficulties is the 
tural and cytoplasmic cell components and their re- failure of liposomes to fuse with the target cell surface, 
sponse to external signals make up transport processes but to be taken up phagocytically instead. Phagocytized 
responsible for the membrane selectivity exhibited liposomes are delivered to the lysosomal compartment, 
within and among cell types. 50 where polynucleotides are subjected to the action of 

Successful intracellular delivery of agents not natu- digestive enzymes and degraded, leading to low efii- 

rally taken up by cells has been achieved by exploiting ciency of expression. 

the natural process of intracellular membrane fusion, or A major advance in this area was the discovery that 

by direct access of the cell's natural transpon mecha- a positively charged synthetic cationic lipid, N-[l-(2,3- 

nisms which include endocytosis and pinocytosis (Duz- 55 dioleyloxy)propyl]-N,N,N-trimethylammonium chlo- 

gunes, N., Subcellular Biochemistry 1 1:195-286 (1985). ride (DOTMA), in the form of liposomes, or small vesi- 

The membrane barrier can be overcome in the first cles, could interact spontaneously with DNA to form 

instance by associating these substances in complexes lipid-DNA complexes which are capable of fusing with 

with lipid formulations closely resembling the lipid the negatively charged lipids of the cell membranes of 

composition of natural cell membranes. These lipids are 60 tissue culture cells, resulting in both uptake and expres- 

able to fuse with the cell membranes on contact, and in sion of the DNA (Feigner, P. L. et al. Proc. Natl. Acad. 

the process, the associated substances are delivered Sci., USA 84:7413-7417 (1987) and U.S. Pat. No. 

intracellularly. Lipid complexes can not only facilitate 4,897,355 to Eppstein, D. et al.). Others have success- 

intracellular transfers by fusing with cell membranes fully used a DOTMA analogue, l,2-bis(oleoyloxy)-3- 

but also by overcoming charge repulsions between the 65 (trimethylammonio)propane (DOTAP) in combination 

cell membrane and the molecule to be inserted. The with a phospholipid to form DNA-complexing vesicles, 

lipids of the formulations comprise an amphipathic The LipofectinTM reagent (Bethesda Research Labo- 

lipid, such as the phospholipids of cell membranes, and ratories, Gaithersburg, Md.), an effective agent for the 
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delivery of highly anionic polynucleotides into living than previously known procedures, and permits tran- 

?fnxxA /"'^ comprises positively charged sient as well as stable transfection and peptide expres- 

^liT,Ve^v !?wJ"r "^1 TTf tP°"*^"«°"^'y sion, it is not understood what factors regulate the effi- 
negatively charged polynucleotides to form complexes. „f j i. 
When enough positively charged liposomes are used. 5 """"^ °['^' transfection process and how it may be 
the net charge on the resulting complexes is also posi- oPt»">«ed. It would be desirable to determine these 
tivc. Positively charged complexes prepared in this way *° develop an intracellular delivery 
spontaneously attach to negatively charged cell sur- system having the advantages of the above-described 
faces, fuse with the plasma membrane, and efficiently systems but without their inherent limitations, 
deliver functional polynucleotide into, for example, 10 Accordingly, it is an object of the invention to pro- 
tissue culture cells. vide cationic lipids which carry out both stable and 
Although the use of known cationic lipids overcomes transient transfections of polynucleotides such as DN A 
many problems associated with conventional liposome and mRNA into cells more effectively 
technology for polynucleotide delivery in vitro, several it is also an object of the invention to provide cationic 
f!S r,^/ F !° VT ^'^rP^"""" ^W'^h deliver other molecules of therapeutic 
^^^ZJSi^'^^^^l^:^ including proteins, peptides and small organic 
other methods, the absolute level of g^e product pro- "lis more effectively, 
duced is typically only several hundred copies per cell Further, it is an object of the mvention to provide 
on average. Thus it would be desirable to improve de- 20 <=*^'0"'c lipids that are not only more effective in ac- 
livery and expression by a factor of 10 to 1000-fold to complishing intracellular delivery but are also metabo- 
achieve useful methodologies. Secondly, known cati- Mzable so as to have reduced in vivo and in vitro toxic- 
onic lipids such as DOTMA are toxic to tissue culture 

cells; thus, any improvements that reduce in vitro toxic- It is another object of the invention to provide trans- 

ity would strengthen the methodology. 25 fection formulation, comprising novel cationic lipids, 

A significant body of information is emerging regard- that are optimally effective in both in vivo and in vitro 

ing the use of other cationic lipids for the delivery of transfection. 
macromolecuies into cells. Loyter prepared vesicles 

containing a quaternary ammonium surfactant that are BRIEF DESCRIPTION OF THE FIGURES 

^^^^S^^'^^^SC^lZ'' ^^^lO.apresentsdatashowingtheeffectthepresence 

Loyter, A. Biochim. Biophys Acta 939 (1988)). „ 'I™'" '^"""S ''P"* ''°'°P^^^ °" subsequent 

Huang used cetyltrimethylammonium bromide to ob- kjna transtection. 

tain functional expression from the chloramphenicol FIG. 2 demonstrates the effect of serum on the effec- 

acetyl transferase gene transfected into mouse fibro- 35 t»veness of RNA transfection. 

blasts (Pinnaduwage, P., Schmitt, L. and Huang, L. FIG. 3 demonstrates the effect of cationic lipid con- 

Biochim. Biophys Acta 985 33-37 (1989)). Behr has centration on the effectiveness of RNA transfection 

shown that a novel lipophilic derivative of spermine can using DOTAP and DOTMA as cationic lipids, 

transfect primary pituitary cells (Behr, J-P, Demeneix, FIG. 4 demonstrates the effect of neutral lipids on the 

B., Loeffler, J-P and Perez-MutuI, J. Proc. Natl Acad. 40 comparative effectiveness of a series cationic lipids in 

Sci. USA 86 6982-6986 (1989)). Finally, John Silvius has promoting RNA transfection. 

shown that a cationic lipid (DOTAP), originally syn- FIG. 5 demonstrates the comparative effectiveness of 

In ,7, no7Q^fr '"'^ , P. Ab;,/,;;^. dptma, DOTMA and corresponding derivatives of 

f?, with nil , ^ . " hT' ^^"'"""'^ which can- ^^^^^^^^ ^^^^^^^ j„ RNA transfection. 

fuse with negatively charged liposomes and can deliver 45 ct^c h cj j . . .-u rr 

functional DNA and RNA into tissue culture fibroblasts demonstrate the effect of mcreasing 

(Stamatatos, L., Leventis. R., Zuckermann, M. J. & ^f^^^"'^ concentrations of lysophosphatidylcholine in 

Silvius, J. R. Biochemistry 27 3917-3925 (1988)). Other ^'P"* formulations on DNA transfection efficiency as 

laboratories have studies the physical properties of vesi- demonstrated by expression of gene product in cell 

cles formed from synthetic cationic amphophiles (Ru- 50 culture. 

pert, L. A. M., Hoekstra, D. and Engberts, J. B. F. N. FIGS. 7fl-7c demonstrate the comparative DNA 

Am. Chem. Soc. 108: 2628-2631 (1985); Carmona- transfection activity of various cationic lipid analogs. 

Ribeiro, A. M., Yoshida, L. S. and Chaimovich, H. / FIGS. 8<j-8rf demonstrate the effect of neutral phos- 

Phys Chem 89 2928-2933 (1985); Rupert, L. A. M., pholipids in the transfection lipid formulation on the 

Engberts, J. B. F. N. and Hoekstra, D. /. Amer. Chem. 55 efficiency of DNA transfection 

Sec 108:3920-3925 (1986)). , . , FIGS. 9«-9. demonstrate the effect of cholesterol in 

nowlTn ' '° T° '^'t' transfection lipid formulation on the efficiency of 

nology to m vivo applications directly. In vivo, the t-,va tT=„ot^\^J 

diether lipids, such as DOTMA or Lipofectin the cur- transiection. 

rent commercial standard, would be expected to accu- 60 SUMMARY OF THE INVENTION 

mulate in the body due to the poorly metabolized ether „ 

bonds. And finally, it has been reported that the cationic P""^"^"* mvention provides compositions of 

lipid transfection methodology is inhibited by serum; cationic lipids, suitable for use in the intracellular 

for in vivo applications conditions must be identified delivery of bioactive agents, comprising polynucleo- 

which allow transfection to occur in a complex biologi- 65 ''des, proteins, small organic molecules and drugs, in 

cal milieu such as 100% serum. both in vivo and in vitro applications, and into the cells 

Therefore, while the known lipofection technique of of plants and animals, 

transfection described is more efficient and satisfactory These compositions have the general structure 
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HjC-Y'-R' (I) 
HC— y2^r2 

I r , 

(CH2)„-N+-R* X- 
rS_o-r6-r7 

wherein 

Y' and are the same or difiTerent and are 
— O— CH2— , — O— C(0)— , or — O— ; 

R' and are the same or difTerent and are H, or C\ 
to C23 alkyl or alkenyl; and 

R3, R* R5, R* and R' are as defined below. Preferred 1 5 
embodiments are compositions wherein R^ and R^ are 
individually Ci to C23 alkyl groups, R5 is — (CH2)m— , 
R6 is absent, R'' is H, and Ri and R^ individually have 
from 0 to 6 sites of unsaturation, and have the structure 

20 

CH3-(CH2)^CH=CH— CH2)4— {CH2)c- 

wherein the sum of a and c is from 1 to 23; and b is 0 to 
6. 

Particularly preferred embodiments are compositions 25 
wherein the long chain alkyl groups are fatty acids, that 
is, wherein Y' and Y^ are alike and are — O— C(0)— . 
These compounds are easily metabolized by cells and 
therefore lack the toxicity of presently known transfec- 
tion agents. A specific example of this class of com- 30 
pounds is DL-l,2-dioleoyl-3-dimethylaminopropyl-B- 
hydroxyethylammonium and its salts. 

Other particularly preferred embodiments are those 
compounds wherein Y' and Y^ are alike and are 
— O— CH2 — . These compounds, having ether-linked 35 
alkyl groups, have been found to be superior in transfec- 
tive properties to presently known cationic lipids. A 
specific example of a compound of this class is l,2-0- 
dioleyl-3-dimethylaminopropyl-/3-hydroxyethylam- 
monium and its salts. Useful cationic lipids for intracel- 40 
lular delivery also comprise compounds wherein Y^ and 
Y2 are different and are either — O— CH2— or — O— C- 
(O)— . These compoundsrhaving alkyl groups attached 
by both ether and ester linkages, will have combined 
properties of low toxicity and improved transfective 45 
properties. A particularly preferred composition of this 
class is l-0-oleyl-2-oleoyl-3-dimethylaminGpropyl-y3- 
hydroxyethylammonium and its salts. 

Additional novel cationic lipids provided by the in- 
vention are adducts of the general structure comprising 50 
additional cationic groups attached at the hydroxy! of 
the /3-hydroxyethanolamine moiety. In preferred em- 
bodiments of this class of compounds, the additional 
cationic groups are provided by lysyl groups attached 
to the hydroxyl group through a diaminocarboxylic 55 
acid linker. A glycyl spacer may connect the linker to 
the hydroxyl group. Particularly preferred composi- 
tions of this class are 3,5-(N,N-dilysyl)-diaminobenzoyl- 
3-(DL- 1 ,2-dioleoyl-dimethylaminopropyl-/S-hy droxye- 
thylamine) and 3,5-(N,N-dilysyl)diaminobenzoylglycyl- 60 
3-(DL- 1 ,2-dioleoyl-dimethylaminopropyl-/3-hydroxye- 
thylamine). 

Alternatively, the additional cationic groups of the 
adduct can be provided by attaching cationic araine- 
containing groups such as, for example, spermine, sper- 65 
midine, histones, or other molecules known to bind 
DNA. Preferred embodiments of this class of composi- 
tions are L-spermine-5-carboxyl-3-(DL-l,2-dioleoyl- 
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dimethylaminopropyl-;3-hydroxyethylamine). These 
cationic groups can in turn provide further hydropho- 
bic regions to the cationic lipid composition through 
alkyl quaternizing groups on the attached lysine, sper- 
5 mine, or other amine-containing groups. 

Also included within the scope of the invention are 
analogues of known cationic lipids having ester linkages 
substituted for ether linkages between alkyl substituents 
and the glycerol moiety of the structure to provide less 
10 toxic, more easily metabolized compositions suitable for 
use in vivo. These analogues have die general structure 



H2C-yi-R' (II) 
HC— Y2— R^ 

I Y 

H2C-N+-R* X- 
R5 

or an optical isomer thereof, wherein 

Y' and Y^ are different and are either — O— CH2— , 
— O— C(0)- or — O— ; 

R' and are individually Ci to C23 alkyl or alkenyl, 
or H; and 

R3, R4, R5 and X are as defined below. 

According to yet another aspect of the invention 
there are provided lipid formulations for transfection 
comprising a cationic lipid and an effective transfection- 
promoting amount of a lysophosphatide, having the 
structure 



HjC— Y— R HjC— OH 

HC— OH or HC-Y-R 



H2C— O— P— Z H2C— O— P— Z 

o- o- 

wherein Y is selected from the group consisting of 
— O— CH2— and — O— C(0)— ; 

R is Cio to C23 alkyl or alkenyl; and 

Z is a headgroup. 

Preferred formulations for transfection of polynu- 
cleotides and peptides into cells comprise novel cationic 
compounds of the invention having the structure set 
forth herein, together with an effective transfection- 
promoting amount of a lysophosphatide. The lysophos- 
phatide may have a neutral or a negative headgroup. 
Lysophosphatidylcholine and lysophosphatidyle- 
thanolamine are preferred, and 1-oleoyl lysophos- 
phatidylchohne is particularly preferred. Lysophospha- 
tide lipids are advantageously present in the formulation 
in a molar ratio of 0.5 lyso lipid to cationic lipid. 

Lyso forms of cationic lipids, selected from the novel 
cationic lipids of the invention, DOTMA, or DOTAP 
can also be used to increase the effectiveness of the 
transfection. These lyso forms are advantageously pres- 
ent in effective amoimts up to about one-third of the 
total cationic hpid in the formulations. 

According to another aspect of the invention, there is 
provided a liposomal formulation, comprising a cationic 
lipid of the invention, wherein the cationic lipid is in the 
form of vesicles in an aqueous media. The lipids of the 
liposomal formulation can further comprise a neutral 
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lipid species selected from the group consisting of phos- atives of these antiviral nucleosides, a therapeutic poly- 

phatidylcholine, phosphatidylethanolamine, sphingo- nucleotide which is a ribozyme or an antisense RNA or 

myelin, or cholesterol. A preferred molar ratio of cati- DNA sequence, a polynucleotide coding for a therapeu- 

onic to neutral lipid species in these formulations is from tic protein or polypeptide, or a therapeutic protein or 

about 9/1 to 1/9; a molar ratio of about 5/5 is particu- 5 polypeptide itself. The therapeutic protein or polypep- 

larly preferred. The liposomal formulation can further tide may be, for example, one that is absent or deficient 

comprise a lyso lipid selected from the group consisting in a genetic disease, an immunogen, a natural hormone, 

of lysophosphatidylcholine, lysophosphatidylethanola- or a synthetic analogue of a natural hormone, 

mine, or a lyso form of a cationic lipid species. Included among the particularly preferred embodi- 

According to yet another aspect of the invention, 10 ments according to this aspect of the invention are topi- 
there are provided pharmaceutical products comprising cal formulations for the treatment cf herpes simplex, 
the cationic lipids of the invention having any of the comprising a cationic lipid of the invention together 
structures disclosed herein together with a pharmaco- with a pharmacologically effective concentration of 
logically effective amount of a therapeutic agent. Cati- acyclovir, gancyclovir,l-(2-deoxy-2'-fluoro-l-;3-D- 
onic lipids present in these compositions facilitate the 15 arabinofuranosyl)-5-iodocytosine (FIAC) or 1(2'- 
intracellular delivery of the active therapeutic agent. deoxy-2'-fIuoro-l-/3-D-arabjnofuranosyl)5-iodouracil 
Products are provided for topical, enteral and paren- (FIAU) in an pharmaceutically acceptable vehicle. In 
teral uses. In one pharmaceutical product the therapeu- preferred embodiments, the preparation comprises 
tic agent is a steroid; in another, the therapeutic agent is phosphoglyceride derivatives of acyclovir, gancy- 
a non-steroidal anti-inflammatory agent. 20 clovir, FIAC or FIAU. 

In other pharmaceutical products of the invention, According to another aspect of the invention, there is 

the therapeutic agent is an antiviral nucleoside analogue provided a method for introducing a biologically active 

or preferably a lipid derivative of an antiviral nucleo- agent into a cell, either plant or animal, comprising the 

side analogue, which is a phosphatidyl derivative, or a steps of preparing lipid vesicles comprising a cationic 

diphosphate diglyceride derivative. The antiviral nucle- 25 lipid of the invention, and using these Hpid vesicles to 

oside can be a dideoxynucleoside, a didehydronucleo- facilitate the transfection or transport of bioactive 

side, a halogenated or azido- derivative of a nucleoside, agents into the cells. The intracellular transport may be 

or an acyclic nucleoside. In preferred embodiments, the accomplished by incorporating or encapsulating the 

lipid derivatives of antiviral nucleosides are (3'-azido-3'- bioactive agent in the lipid vesicle and contacting the 

deoxy)thymidine-5'-diphospho-3-diacylglycerol (AZT 30 cell with the lipid vesicles, as in conventional liposome 

diphosphate diglyceride) and dideoxythymidine diphos- methodology; or alternatively, by contacting the cells 

phate diglyceride. In particularly preferred embodi- simultaneously with empty lipid vesicles, comprising 

ments, the lipid derivative of an antiviral nucleoside is the cationic lipids together with the bioactive agent, 

an acyclovir or gancyclovir diphosphate diglyceride or according to conventional transfection methodology, 

diphosphate diglyceride derivatives of l-(2-deoxy-2'- 35 In the process of either strategy, the bioactive agent is 

fluoro-l-;S-D-arabinofuranosyl)-5-iodocytosine (FIAC) taken up by the cell. In preferred embodiments of the 

or 1 (2'-deoxy-2'-fluoro-l-i3-D-arabinofuranosyl)-5- method, the bioactive agent is a protein, polynucleotide, 

iodouracil (FIAU). antiviral nucleoside or a drug. In particulariy preferred 

In other pharmaceutical products of the invention the embodiments, the bioactive agent is an antisense RNA 
therapeutic agent is a polynucleotide. In one of these 40 or DNA sequence or a ribozyme. According to one 
embodiments, the therapeutic polynucleotide is a ribo- embodiment of the method, the contacting step occurs 
zyme, or an antisense RNA or DNA. In preferred em- in vitro. The method may be applied in the treatment of 
bodiments, the formulation comprises an antisense disease in a vertebrate, comprising the step of adminis- 
DNA or RNA or a ribozyme directed against HIV. In tering a pharmaceutical preparation comprising any one 
a particularly preferred embodiment, the therapeutic 45 of the cationic lipids having the structure set forth 
polynucleotide is an antisense DNA or RNA or a ribo- above together with a pharmacologically effective 
zyme directed against the rev transacti vator of HIV. An amount of a therapeutic agent specific for the treatment 
example of such an agent is the 28-mer phosphorothio- of the disease to the vertebrate and permitting the thera- 
ate antisense polynucleotide. Alternatively, the thera- peutic agent to be incorporated into a cell, whereby the 
peutic polynucleotide can be one coding for an immu- 50 disease is effectively treated. The bioactive agent is 
nogen, a natural hormone, or a synthetic analogue of a delivered to the cells of the animal in vivo or in vitro, 
natural hormone; or it can be a polynucleotide sequence The in vitro delivery of a bioactive agent may be car- 
coding for a gene product that is deficient or absent in ried out on cells that have been removed from an ani- 
a disease state, and administration of said product to a mal. The cells are returned to the animal body whereby 
human in need of therapy relating to said gene product 55 the animal is treated. 

has a therapeutic effect. The methods according to other embodiments of the 
The pharmaceutical products disclosed may also invention include the topical application of a prepara- 
comprise a therapeutic protein or polypeptide corre- tion to the skin; the injection of a preparation into a 
sponding to those coded for by the therapeutic polynu- body cavity or into the tissues of said vertebrate; or the 
cleotides described above. 60 oral administration of said preparation. The biologically 
In a preferred embodiment, the invention provides active agent can be a polynucleotide, such as, for exam- 
pharmaceutical preparations for topical use comprising pie, DNA or mRNA coding for a polypeptide, and said 
a novel cationic lipid of the invention, having any of the polypeptide is expressed after said DNA or said mRNA 
structures disclosed herein together with a pharmaco- is taken up into said cell. In yet other embodiments, the 
logically effective amount of a therapeutic agent in a 65 biologically active agent is a drug, 
pharmaceutically acceptable vehicle. Preferred thera- The cationic lipids of the invention provide more 
peutic agents are steroids, non-steroidal anti-inflamma- effective intracellular delivery than the use of presently 
tory agents, antiviral nucleosides or phospholipid deriv- available agents for the purpose. Further these lipids 



include species that are less toxic to cells when used in 
in vivo and in vitro procedures. 

These and other advantages and features of the pres- 
ent invention will become more fully apparent from the 
following description and appended claims. i 



The cationic lipids (CLs) of the invention, 
compositions having an ammonium group together 10 
with hydrophobic alkyl groups, as well as adducts of 
these cationic lipids, are advantageously used in formu- 
lations to prepare lipid vesicles or liposomes to be used 
in transfection procedures, or to similarly facilitate the 
intracellular delivery of proteins, polypeptides, small '5 
organic molecules, and drugs of therapeutic interest. 
The adducts further comprise additional cationic and 
hydrophobic groups that enhance the effectiveness of 
the lipids in interacting with cell membranes. 

We have discovered that certain derivatives and ad- 20 
ducts of a compound having the structure 

H2C-OC(0)-R (') 
HC— 0C(0)— R 25 



(CH2)„-N + -CH3 



wherein R is a long chain fatty acid, are highly effective 
compounds for use in lipid formulations for transfection 
and other intracellular delivery procedures. A single 
species of a compound of this type, comprising Cis 33 
(stearoyl) fatty acids was described by Rosenthal, A. F. 
and R. P. Geyer, J. Biol Chem. 235(8);2202-2206 
(1960). The Rosenthal compound, which is an inhibitor 
of phospholipase A (Rosenthal Inhibitor, RI), is itself 
ineffective as a promoter of transfection or intracellular 40 
delivery. Modifications to the RI molecule that we have 
discovered to be most effective in conferring transfec- 
tive properties are substitution of preferred long chain 
aliphatic groups, selection of preferred acyl (ester) or 
alkyl (ether) links between the glycerol moiety of RI 45 
and the aliphatic groups, and the addition of groups to 
the hydroxyl moiety which promote interaction with 
cell membranes. These compounds have proved to be 
superior in transfective performance to any presently 
known, including the cationic lipids described in Euro- 50 
pean Application No. 0 187 702 (1986). 

Nomenclature 
To simplify description, compounds are referred to 
herein by acronyms, as follows: RI: The Rosenthal 55 
Inhibitor 



The Rosenthal Inhibitor 
DioleoyI derivatives of RI having two C\% un- 
saturated (18:1) aliphatic groups, comprising: 
DORI dicster: DL-l,2-dioleoyl-3-dimethyl- 



DORI ester/ether: 
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-continued 



Derivatives of RI having Ci« (16K]) aliphatic 



DL l,2-dipaliiiitoyl-3-di- 
methylaminopropyl-/3- 
bydroxyethylammonium 
DL l,2-0-dipalmityl-3-di- 
propyl-^- 



DL-l-0-oleyl-2-oleoyI-3- 
dimethylaminopropyl-;3- 
hydroxyethylammonium 



DOTMA: N.[l-(2,3Kiioleyloxy)propylJ.N.N,N-triniethyl. 

DOTAP: DL-l,2-dioleoyI-3-propy!-N,N,N-trimethyl- 

DPTMA: DL-(2,3-dipalmityl)-3-propyl-N,N,N- 

DLYS-DABA-DORI^diesters, diethers, or ester/ethers; Lysine- 
containing adducts of DORI, having lysine groups attached at 
the bydnixyl group of the ^hydroxyethyl moiety through a 

DORI through a glycyl spacer. 
DLYS-DABA-DPRI diesters, diethers, or ester/ethers: analogu 
of above DORI compounds, but comprising DPRI. 
SPC-DORI diesters, diethers, or ester/ethers: Spermine- 
containing adducts of DORI, having spermine attached at the 
hydroxyl group of the /3-hydroxyethyI moiety. 
SPC-DPRI diesters, diethers, or ester/ethers: analogues of 
DORI compounds above, but comprising DPRI. 
SPC-DABA-DORI diesters, diethers, or ester/ethers: Spermine 
containing adducts of DORI, having spermine groups attached 
at the hydroxyl group of the ;S-hydroiyethyl moieiy through a 
diaminobenzoic acid linker, which is optionally joined to 
DORI through a glycyl spacer. 



Cationic lipids according to one aspect of the inven- 
ion have the general formula 



(CH2)„-^N+-R* X- 
r5— O— r6— R' 

wherein 

Y' and are the same or different and are 
— O— CH2 , — O— C(0)— , or — O— ; 

Rl and R2 are the same or different and are H, or Ci 
to C23 alkyl or alkenyl; 

R3 and R"* are the same or different and are Ci to C24 
alkyl, or H; 

R' is Ci to C24 alkyl straight chain or branched chain; 

R' is — C(0)— (CH2)m— NH— , a diaminocarboxylic 
acid which is alkyl, aryl, or aralkyl, or — C(0) — (CH2. 
)m— NH— linked to said diaminocarboxylic acid, or is 
absent; , 

R' is H, spermine, spermidine, a histone, or a protein 
with DNA-binding specificity, or wherein the amines of 
the R' moiety are quatemized with R', R* or R5 
groups; or 

R'^ is an L- or D-alpha amino acids having a positively 
charged group on the side chain, such amino acids com- 
prising arginine, histidine, lysine or ornithine or ana- 
logues thereof, or the same amino acids wherein the 
amine of the R' moiety is quatemized with R3, R* or R5 
groups; or 

R' is a polypeptide selected from the group compris- 
ing L- or D-aipha amino acids, wherein at least one of 
the amino acids residues comprises arginine, histidine, 
lysine, ornithine, or analogues thereof; 
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n is 1 to 8; 

m b 1 to 18; and 

X is a non-toxic anion. 

We have determined structure-transfection activity 
relationships within classes cf cationic lipids having a 5 
quaternary ammonium group and have found these 
relationships to be useful in predicting efficient transfec- 
tion. We accordingly provide synthetic cationic lipids 
of this class suitable for use in transfection formulations. 
CLs having long chain aliphatic (Rl and R2) groups 10 
comprising ether linkages are preferred to those having 
ester linkages; CLs having unsaturated Ri and R2 
groups are preferred to CLs having corresponding satu- 
rated groups; and CLs such as analogues of RI, having 
polar hydroxyethyl group substituents on the quater- 15 
nary ammonium group are more effective than those 
substituted with alkyl groups, for example, the methyl 
substituent of DOTMA. 

Therefore, in particularly preferred embodiments, 
the cationic lipids of the invention are derivatives of RI 20 
having a structure comprising at least one alkyl ether 
group. A specific memeber of this class of cationic lipids 
is a DORI diether (DORIE) having long chain alkyl 
groups with one site of unsaturation, and having the 



H2C-0-(CH2)8-CH=CH-(CH2)7-CH3 
HC-0-(CH2)g-CH=CH-(CH2)7-CH3 



H3C-N+-CH3 X- 
CH2-CH2-OH 

For applications demanding metabolizable, less toxic ^ 
compounds, CLs having long chain R' and R2 aliphatic 
groups attached by acyl bonds are preferred. Therefore, 
in other preferred embodiments, the cationic lipids of 
the invention comprise derivatives of RI having the 
structural characteristics of Formula I, but comprising * 
at least one acyl group, as, for example, a DORI diester 
having the structure: 

H2C-0-C(0)— (CH2)7-CH=CH-(CH2)7-CH3 4! 
HC-O-C(O)— (CH2)7-CH=CH-(CH2)7-CH3 
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embodiments the amine group of ethanolamine is 
quaternized. 

Preferred species for this purpose are compounds 
such as spermines and spermidines, or other compounds 
having multiple amino groups, or histones, or similar 
proteins .rich in basic amino acids such as arginine and 
histidine. Cationic substances such as the histones, sper- 
mines, and spermidines are known to bind and modulate 
negatively charged cell membrane surfaces. For exam- 
ple, lipid-derivatized spermine-like structures are re- 
ported to efficiently modulate gene transfer into mam- 
malian endocrine cells (Behr, J.-P. et al. Proc. Natl 
Acad. Sci. USA 86:6982-6986 (1989). We have designed 
a series of molecules which combine advantageous 
properties of both cationic lipids and cationic structures 
derived from amino acids and spermines. These mole- 
cules are prepared by coupling spermine, through a 
carboxylic acid group, to the hydroxyl moiety of the 
ethanolamine group of a lipid such as DORI, DORIE 
or DPRI. 

One such series of compounds, is represented by 
L-spermine-5-carboxyl-3-(DL- 1 ,2-dipalmitoyldime- 
thylaminopropyl-;3-hydroxylamine, designated SPC- 
DPRI-diester, which has the structure 



CH2-0-C(0)-f-CH2^CH3 
CH2-0-C(0)-(CH2^CH3 



CH2-N+-CH3 
CH2— CH— I 



Inai 



-C(0)-CH-(-CH3^;NH-f-CH2ijNH2 
CH— (CH2)33-NH2 



H2C-N^-CH3 

CH2-CH2-OH 



example of another lipid of this type, the basic 
amino acid lysine is linked to the same hydroxyl moiety 
of the lipid through a linker molecule. The linker mole- 
cule can be any diaminocarboxyhc acid, either alkyl, 
aryl or aralkyl, having two amino sites by which lysine 
is anchored as a pendant in a branched molecule that 
can bind to multiple binding sites simultaneously. In 
preferred embodiments, the linker molecule is joined to 
the hydroxy] group of the hydroxy lipid through a 
spacer arm which can be any alkyl amino acid, Glycine 
is a preferred spacer arm. A representative cationic lipid 
of this type comprises lysine linked to the hydroxyl 
moiety of DPRI through diaminobenzoic acid and a 
glycine spacer, to form 3,5-(N,N-di-]ysyl)-diaminobenz- 
oyl-glycyl-3-(DL- 1 ,2-dipalmitoyldimethylaminopro- 
pyl-;8-hydroxyethylamine). This lipid, designated 
DLYS-DABA-GLY-DPRI-diester, has the structure 



CH2-0-C(0)-(CH2)i4-CH3 
CH2-0-C(0)-(CH2)i4-CH3 

I 

CH2— N+— CH3 

CH2— CH2-0-C(0)-CH2-NH-C(0)-C6H3— [NH-C(0)-CH-NH2]2 
(CH2)4— NH2 

In yet other preferred embodiments, cationic lipids of 65 
the invention are substituted at the hydroxyl group of Particularly preferred compounds of this class are 
an ethanolamine moiety with various species which act DLYS-DABA-GLY-DORI-diester, having the struc- 
to enhance binding to cell membranes. In preferred ture 
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CH2-0-C(0)-(CH2)7-CH=CH-(CH2)7-CH3 
CH2-0-C(0)-(CH2)7-CH=CH— (CH2)7-CH3 



CH2— N+— CH3 

CH2— CH2— O— C(0)— CH2— NH— C(0)— C6H3— [NH— C(0)— CH— NH2]2 
(CH2)4-NH2 



R\ R\ and are taken together to form quinuclidino, 
piperidmo, pyrrolidine, or morpholino; 



CH2-0-(CH2)3-CH=CH-(CH2)7-eH3 
CH2-0-(CH2)3— CH=CH-(CH2)7— CH3 



CH2-CH2— 0-C(0)-CH2-NH-C(0)-C4H3-[NH-C(0)-CH-NH2]2 
(CH2)4-NH2 

„ . , , r ^- . . 25 n is 1 to 22; and 

Other molecules of this type can comprise Imkers o 



spacer arms to which are jomed other basic ammo acids. According to one aspect of the invention, the CLs are 
such as histidine and arginme or analogues or denva- combined with other lipids in formulations for the prep- 
uves or these basic amino acids compnsing related mol- oration of lipid vesicles or liposomes for use in intracel- 
ecules. which are structurally modified, for example by 30 luiar delivery systems. The formulations preferably are 
having substituent groups, such as 1-methyI histidme or ^ from a mixture of positively charged lipids, 

3.methyl histidine. Polymers of these ammo acids or negatively charged lipids, neutral lipids and cholesterol 
their analogues can be attached to the linker in the same ^r a similar sterol. The positively charged lipid can be 
mariner Amine-containmg groups added to the cationic ^ne of the cationic hpids of the invention alone, a mix- 
lipKls of the invention through spacers and linkers at the 35 ^re of these, or one of the cationic lipids of the inven- 
^-hydroxyethylanimonium moiety can m turn provide tjon in combination with the cationic lipids DOTMA, 
further hydrophobic regions to the lipid structure by DOTAP, or analogues thereof. Neutral and negatively 
quatemization of the amine with the alkyl, alkenyl, aryl charged lipids can be any of the natural or synthetic 
and aralkyl groups of R\ K\ and R'. Thus, the assem- phospholipids or mono-, di-, or triacylglycerols. The 
bled lipid adducts, comprising additional cationic 40 natural phospholipids are typically those from animal 
groups, and in some cases, additional hydrophobic plant sources, such as phosphatidylcholine, phos- 

groups as well mcorporate additional sites capable of phatidylethanolamine. sphingomyelin, phosphatidylse- 
interaction with the cell membrane, thereby mcreasmg ^^^^ ^r phosphatidylinositol. Synthetic phospholipids 
the intracellular dehvery potency of the catiomc lipid. typically are those having identical fatty acid groups. 

For some applications it is important that cationic 45 including, but not limited to, dimyristoylphosphatidyl- 
hpids used are metabolizable and therefore non-toxic. choline, dioleoylphosphatidylcholine, dipalmitoylphos- 
both for in vitro applications and especially when used phatidylcholme, distearoylphosphatidylcholine and the 
in vivo, and yet retain the substantial transfective prop- corresponding synthetic phosphatidylethanolamines 
erties associated with lipid species having an ether- ^nd phosphatidylglycerols. The neutral lipid can be 
Imked alkyl group. Accordmgly, we have synthesized 50 phosphatidylcholine, cardiolipin, phosphatidylethanol- 
cationichpids according to another aspect of the inven- an,i„e, mono-, di- or triacylglycerols, or analogues 
tion having the formula thereof The negatively charged lipid can be phos- 

phatidylglycerol, phosphatidic acid or a similar phos- 
H2C— Y'— Ri (11) pholipid analog. Other additives such as cholesterol. 

Hc— y2— R glycolipids. fatty acids, sphingolipids, prostaglandins, 

1^ gangliosides. neobee, niosomes, or any other natural or 

r3 synthetic amphophiles can also be used in liposome 

I formulations, as is conventionally known for the prepa- 

"^"^ I ^ ^ ration of liposomes. 

60 In a formulation for preparing cationic lipid vesicles, 
the cationic lipid can be present at a concentration of 
or an optical isomer thereof, wherein between about 0.1 mole % and 100 mole %, preferably 

Y' and are different and are either — O— CH2— , 5 to 100 mole %, and most preferably between 20 and 
— O— C(0)— , or OH; 100 mole %. The neutral lipid can be present in a con- 

R' and R2 are individually absent or are Ci to C23, 65 centration of between about 0 and 99.9 mole %, prefera- 
alkyl or alkenyl; bly 0 to 95 mole %, and most preferably 0 to 80 mole %. 

R3, and R^ are the same or different and are H, Ci In order to produce lipid vesicles or liposomes having a 
to Ci4 alkyl, C7 to Cii aryl or aralkyl, or at least two of net positive charge, the quantity of the positively 
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charged component must exceed that of the negatively transfecting DNA coding for /3-galactosidase into cells 

charged component. The negatively charged lipid can by an amount greater than 100%. 

be present at between about 0 to 49 mole % and prefera- According to current theories of self-assembling lipid 

bly 0 to 40 mole %. Cholesterol or a similar sterol can structures, the combined thermodynamic forces of 

be present at 0 to 80 mole %, and preferably 0 to 50 5 packing constraints and the interactive free energies of 

•"ole %. lipid polar headgroups with an aqueous media deter- 

Lipid formulations comprising at least one am- mine the geometry and structure of lipid vesicles. En- 

phipathic lipid can spontaneously assemble to form tropy favors small structures, and packing constraints 

primary liposomes, heterogeneous in size. Therefore, oppose close packing. Accordingly, in an aqueous me- 
according to a preferred method, the lipid reagents of 10 dia, the entropically favored structures for homogenous 

the invention, comprising at least one cationic lipid systems of single-chain lipids are single layer micelle 

species, are prepared as liposomes according to the structures having a relatively small radius of about 

procedure of Example 12. The component lipids are 15-20 Angstrom units, while those for corresponding 

dissolved in a solvent such as chloroform and the mix- systems of double-chain lipids, whose Hpid chains can- 

ture evaporated to dryness as a film on the inner surface 15 not be so tightly packed, are double layered structures 

of a glass vessel. On suspension in an aqueous solvent, having aqueous interiors with wall thicknesses of about 

the amphipathic lipid molecules assemble themselves 50 Angstroms (Israelachvili, J. N. et al., Biochim. Bio- 

into primary liposomes. If other molecules are present phys. Acta 470:185-201 (1977). 

in the aqueous solvent, such as, for example, a bioactive At high concentrations of lipids, vesicles interact 

substance, these will be captured within the liposomes. 20 with one another to aggregate, fusing together the outer 

Otherwise, empty liposomes will be formed. A bioac- lipidmembranesof each. Membrane fusion is a phenom- 

tive substance in the from of its lipid derivative, may be enon that occurs broadly in biological processes. It is 

added to the component lipids of the liposome formula- this phenomenon which causes lipid vesicles to fuse 

tion, to be incorporated into the wall of the liposomes with the lipid bilayer of cell membranes whereby the 

on hydration. 25 contents of the lipid vesicle are delivered into the cell 

These primary liposomes are reduced to a selected cytoplasm. However, when the fusogenic properties of 
mean diameter by means of the freeze-thaw procedure lipid vesicles causes their aggregation with each other, 
referred to above. The CLs of the invention are formed their diameter can increase to beyond that of the effec- 
into vesicles of uniform size prior to transfection proce- live range for transfection. Fusogenic behavior of cati- 
dures, according to methods for vesicle production 30 onic lipid vesicles resulting in aggregation of the vesi- 
published in the literature and known to those in the art, cles is induced by the presence of anions in the aqueous 
for example, the sonication of spontaneously formed media which interact with the cationic polar head- 
liposomes comprised of the lipids in aqueous solution groups of the lipid formulations (Duzgunes, N. et al., 
described by Feigner, P. L. et al., Proc. Natl. Acad. Sci., Biochemistry 29:9179-9184 (1989). 
USA 84:7413-7417 (1987) or the reverse-phase evapora- 35 It is believed that the presence of effective concentra- 
tion procedure of J. Wilschut et al. Biochemistry tions of single chain lipids in the lipid formulation op- 
19:6011-6021(1980) or freeze-thaw and extrusion poses fusogenic behavior leading to aggregation, while 
(Mayer, L. et al., Biochim. Biophys. Acta 858:161-168 preserving the fusogenic behavior that allows vesicle 
(1986). To prepare liposomes suitable for physiological contents to be delivered into cells. Single chain lipids 
in vivo use, having a unilamellar structure and a uni- 40 can shift the thermodynamic equilibria of lipid systems 
form size of from about 50 to about 200 ^m in diameter, to allow closer packing and to favor the stability of 
the primary liposomes are preferably processed by the formed lipid vesicles so as to resist aggregation. As 
freeze-thaw and extrusion processes. levels of single-chain lipids increase, however, the effi- 

Other suitable conventional methods of preparation ciency of transfection no longer is improved, but de- 
include, but are not limited to, those disclosed by Bang- 45 clines. This effect may be due to an increase in the 
ham, A. et al., J. Mol. BioI. 23: 238-252 (1965); Olson, F. resistance of the lipid vesicles to fusion which inhibits 
et al., Biochim. Biophys. Acta 557: 9-23 (1979), Szoka F. fusion with cell membranes or to toxic properties of the 
et al., Proc. Natl. Acad. Sci. USA 75: 4194-4198 (1978), single-chain (lyso) lipids, or to both effects. 
Mayhew, E. et al. Biochim. Biophys. Acta 775: 169-175 Accordingly, improved transfection formulations 
(1984), Kim, S. et al. Biochim. Biophys. Acta 50 contain amphipathic lipids comprising a polar head- 
728:339-348), and Fukunaga, M. et al. Endocrinol. group and having a single lipid chain in amounts capa- 
115:757-761 (1984). ble of promoting transfection while preserving the abil- 

Transfection Parameters ''^ f.^^ ^f'^. ^^^'^'^^ <^^rnbi^ from the formulation 
to achieve fusion with cell membranes. 

We have discovered that several factors affect the 55 Suitable lyso lipids comprise lysophosphatides of 

efficiency of cationic Kpid-mediated transfection as phospholipids having a neutral, positively charged, or 

determined by the level of gene product produced. 1. negatively charged headgroup. Phospholipids having a 

Cationic Lipid Formulations neutral headgroup are preferred. Particulariy preferred 

T „c^ I a lysophosphatide species are lysophosphatidylcholine 

Lyso Lipid Compounds ^ lysophosphatidylethanolamine. Other suitable sin- 

Incorporation of a quantity of a single chain phospha- gle chain lyso lipids comprise any of the cationic lipid 

tide into the lipid formulation for transfection has the compounds of formula I or formula 11 wherein either 

effect of increasing the efficiency of transfection. Y' and R' together or Y2 and R2 together are —OH. 

As demonstrated in Example 20, the addition of mo- Preferred cationic lipids for this purpose comprise Ro- 

nooleoyl lysophosphatidylcholine to a transfection for- 65 senthal Inhibitor ester and ether derivatives disclosed 

inulation comprising DOTMA and DOPE (Lipofec- herein as well as lyso forms of DOTMA, DOTAP, and 

tin TM ). in amounts up to a molar ratio of lysophospha- similar saturated analogues, and containing typically 
tide to DOTMA of 0.5, can increase the efficiency of Cu, Cie, and Cis alkyl chains. 
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The single chain lyso lipid compounds have been known cationic lipids such as for example, DOTMA or 

found to be effective in molar ratio concentrations of up DOTAP, in any procedure comprising the use of lipo- 

to 0.5 relative to the concentration of the double lipid somes or lipid vesicles to deliver substances intracellu- 

cKain cationic lipids of the transfection formulations. larly either in vitro or in vivo. Those lipids having 

Presence of a Neutral Lipid ' metabolizable ester bonds are preferred for in vivo use. 

Under some conditions, the presence of a neutral lipid 1 • Production of Gene Product 

in the transfection lipid formulation appears to reduce Contemplated uses comprise transfection procedures 

the efficiency of transfection. The presence of DOPE or corresponding to those presently known and using am- 

DOPC reduced the effectiveness of DOTMA in RNA lo phipathic lipids, including commercial cationic Upid 

transfection, while cholesterol was less mhibitonr (Ex- preparations, such as Lipofectin TM , and using conven- 

amples 17 and 18; FIGS. 3^). However, DORI was ^ional cationic lipid technology and methods. Accord- 

^1^"^ if"""? '^?'^!?!f^ ingly, the Upid compositions <}isclosed herein can be 

T^l^!"" ^ "^'".T!? f*^^'' "sld to facilitate the intercelluL deHvery of DNA or 
8). T^e effect may be related to the p^^^^^^ therapeutically active 

tions polynucleotide. 2. TransfecUon Condi- p^iyp^ptid^,, ^ described in detaU in US. patent appli- 

cations Ser. Nos. 326,305 and 467,881 which are hereby 
Presence of Serum incorporated by reference. They can be similarly used 
Although the presence of serum appears to inhibit the 20 liposomal delivery of the expressed gene prod- 
formation of cationic lipid/RNA complexes, the pres- the polypeptide or protem itself Thus cattonic lipid 
ence of serum in the transfection procedure itself, that mediated delivery of DNA and mRNA polynucleotides 
is, after the addition of cationic lipid/polynucleotide °' proteins can provide therapy for genetic disease by 
complexes formed in the absence of serum, is only supplying deficient or absent gene products to treat any 
slightly inhibitory (Examples 15 and 22). Previous re- 25 8^"^"" '^'^^^'^ '^^"''^ defective gene or its prod- 
suits seem to indicate that serum inhibits transfection; "'^t ''een identified, such as Duchenne's dystrophy 
however, these experiments (FIGS. 1-5) shows com- (Kunkel, L. and Hoffman, E. Bnt. Med. Bull. 
paratively good activity even in the presence of serum. 45(3):630-643 (1 989) or cystic fibrosis (Goodfellow, P. 

Nature, 341(6238): 102-3 (Sep. 14, 1989). 
Cell Density The cationic lipid-mediated intracellular delivery 

Cationic lipid-mediated transfections can be effec- described above can also provide immunizing polypep- 

tively carried out over a range of cell densities. Trans- tides to the cell, either by delivering a polynucleotide 

fection of pSV2-lacZ into COS. 7 cells was carried out coding for the immunogen, or the immunogen itself, 
according to the procedure of Example 14B at cell The transfection procedures described above may be 

densities from 5,000 cells/well to highly confluent cells 35 applied by direct injection of cationic lipids together 

at 40,000 cells/well. The successful transfection of with DNA, RNA or proteins into cells of an animal in 

highly confluent cells indicates that cell division is not vivo. However, it has been recently shown that cationic 

required for cither expression or functional delivery of lipids are particularly effective at facilitating in vitro 

DNA; however, optimal expression was observed at transfection of cells. Therefore the above therapies can 

20,000 cells/well (90% confluency). Further decreasing 40 be alternatively carried out by in vitro transfection of 

cell density to 5,000 to 10,000 cells/well led to a shift of some of the cells of an animal using cationic lipid deliv- 

optimal expression to lower lipid concentration. This ery methods, and reintroduction of the cells into the 

result may be due to higher toxicity (greater amount of animal. The ability to transfect cells at high efliciency 

cationic lipid per cell) and in general a lower expression with cationic lipids thus provides an alternate method 

corresponding to the lower number of cells. 45 for immimization. The gene for an antigen is intro- 

. , „ „ , . , ^ , , duced, by means of cationic lipid-mediated delivery, 

Choice of Cell Line for Transfection j^^^ ^gj,^ ^^j^^ ^^^^ rtmovtA from an animal. 

Transfection of pSV2-lacZ using a DORI/DOPE The transfected cells, now expressing the antigen, are 

5/5 lipid formulation under the protocol of Example reinjected into the animal where the immune system can 

14B was carried out for a number of different cell lines. 50 now respond to the (now) endogenous antigen. The 

A wide range of /3-galactosidase activity, from 50 process can be enhanced by co-injection of either an 

pg/well to 20,000 pg/well was determined among these adjuvant or lymphokines, or a gene coding for such 

cells, as follows: lymphokines, to further stimulate the lymphoid cells. 

Cationic lipid methodology is preferred over other 

- 55 methods; it is more convenient and efficient than cal- 



^[529 80 pg cium phosphate, DEAE dextran or electroporation 

CV-l (ATCC CCL70) 900 pg methods. 

COS.7 (ATCC CRL 1651) 1000-2000 pg Other therapeutically important polynucleotides suit- 

BHK (ATCQ pg able for cationic lipid mediated delivery are negatively 

60 charged novel oligonucleotides of various technologies, 
The enormous variation in the level of expression is including antisense polynucleotide sequences, useful in 
probably caused by differences in both DNA uptake as eliminating or reducing the production of a gene prod- 
well as intracellular metabolic factors. It is a factor to uct, as described by Ts'o, P. et al. Annals New York 
consider when the yield of gene product is a priority. Acad. Sci. 570:220-241 (1987). Many of these oligonu- 
. . 65 cleotide species, which are scarce and expensive to 
Applications synthesize, are inefficiently captured by encapsulation 
The cationic lipids of the invention can be advanta- into liposomes of negatively charged lipids, according 
gepusly used, either alone or in combination with other to ordinary current methods. We have experimental 
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studies showing that these ohgonucleotides are cap- cations Ser. Nos. 216,412; 319,485; and 373,088 which 

tured within cationic liposomes with efficiencies ap- are hereby incorporated by reference, 

preaching 100%. Also within the scope of the invention Among other therapeutically important agents that 

is the delivery, by means of the cationic lipids disclosed, can be thus delivered are peptides comprising physio- 

of ribozymes, or catalytic RNA species, either of the 5 logic species such as interleukin-2, tumor necrosis fac- 

"hairpin" type as described by Hampel et al. Nucleic tor, tissue plasminogen activator, factor VIII, erythro- 

Acids Research 18(2):299-304 (1990); or the "hammer- poietin, growth factors such as epidermal growth fac- 

head" type described by Cech, T. and Bass, B. Annual tor, growth hormone releasing factor, neural growth 

Rev. Biochem. 55:599-629 (1986). factor, and hormones such as tissue insulin, calcitonin. 

Particularly preferred contemplated uses of the in- 10 and human growth hormone as well as toxic peptides 

yention are deliveries of either an antisense polynucleo- such as ricin, diphtheria toxin, or cobra venom factor, 

tide or ribozyme as described above, and having as its capable of eliminating diseased or malignant cells, 

target the rev site of the HIV genome {Scientific Ameri- Use of the disclosed lipids is also contemplated for the 

can, October, 1988, pp. 56-57). Matsukura, M. et al. encapsulation of various other agents to be delivered 

Proc. Nat'l Acad. Sci. 86:4244-4248 (1989 ) describe a 15 intracellularly according to methods known to those 

28-mer phosphorothioate compound anti-HIV (anti-rev skilled in the art, and as described in Duzgunes, N., 

transactivator) specific for the site. Subcellular Biochemistry 11:195-286 (1985). Materials to 

Other therapeutic uses of cationic lipids herein dis- be delivered can be proteins or polypeptides, especially 

closed include the liposomal delivery of nucleoside or negatively charged molecules, monoclonal antibodies, 
nucleotide analogues having an antiviral effect, such as 20 RNA-stabilizing factors and other transcription and 

dideoxynucleotides, didehydronucleotides, nucleoside translation regulating factors, antisense oligonucleo- 

or nucleotide analogues having halo-substituted purine tides, ribozymes, and any molecule possessing intracel- 

or pyrimidine rings such as 5-trifluoromethyl-2'-deox- lular activity. Such encapsulation further protects the 

yuridine or 5-flurouracil; nucleoside or nucleotide ana- described agents from non-productive sequestration by 

logues having halo- and azido-substituted ribose moi- 25 substances of the extracellular environment, 
eties, such as 3'-azido-3'deoxythyraidine (AZT), nucleo- 

side analogues having carbon substituted for oxygen in Pharmaceutical Formulations 

the ribose moiety (carbocyclic nucleosides), or nucleo- The cationic lipids of the invention can be used in 

tide analogues having an acyclic pentose such as acy- pharmaceutical formulations to deliver therapeutic 

clovir or gancyclovir (DHPG). The liposomal delivery 30 agents by various routes and to various sites in the ani- 

of such analogues is disclosed in U.S. patent application mal body to achieve a desired therapeutic effect. Local 

Ser. No. 099,755 filed September, 1987by Hostetlerand or systemic delivery of the therapeutic agent can be 

Richman. The antiviral potency of these analogues is achieved by administration comprising application or 

found to be increased when they are presented to the insertion of the formulation into body cavities, inhala- 

cells as phospholipid derivatives. These derivatives may 35 tion or insufflation of an aerosol, or by parenteral intro- 

be incorporated into the liposomal structure for admin- duction, comprising intramuscular, intravenous, intra- 

istration to cells thereby forming a more stable liposo- dermal, peritoneal, subcutaneous and topical adminis- 

mal complex which can deliver greater amounts of tration. The effect of the cationic lipids in these formu- 

drugs to target cells with less toxicity. Effective antivi- lations is to enhance the potency and efficiency of the 

ral lipid derivatives of nucleoside analogues comprise 40 therapeutic agent contained therein by facilitating its 

phosphatidyl 2',3'-dideoxynucleosides, 2',3'-didehy- intracellular delivery. 

dronucleosides, 3'-azido-2'-deoxynucleosides, 3'- Topical formulations are those advantageously ap- 
fluorodeoxynucleosides and 3'-fluorodideoxynucleo- plied to the skin or mucosa. Target mucosa can be that 
sides, 9-/3-D-arabinofuranosyladenine (araA), I-/3-D- of the gastrointestinal tract, comprising the mouth, 
arabinofuranosylcytidine (araC), nucleosides such as 45 naso-pharynx and stomach, or the vaginal or anorectal 
acyclovir and gancyclovir having an acyclic ribose mucosa. Other target tissues can be the accessible sur- 
group, or the same nucleoside analogues as diphosphate faces and canal of the ear and the ocular tissues. Cati- 
diglyceride derivatives. Preferred species of lipid deriv- onic lipids present in topical formulations can act to 
atives of antiviral or antiretroviral nucleoside analogues facilitate introduction of bioactive molecules into the 
for the treatment of HIV infection using cationic lipid 50 target tissue, such as the stratum comeum of the skin, by 
mediated liposomal delivery are phospholipid deriva- perturbing the barrier properties of the protective mem- 
tives of 3'-azido-2', 3'-dideoxypyrimidine, 3'- brane, or by introducing perturbing agents or penetra- 
halopyrimidine dideoxynucleoside, or a 2',3'-didehy- tion enhancers such as Azone tm or by promoting the 
dro-2',3'-dideoxynucleoside, for example, phosphatidyl activity of these penetration enhancers. 
3'-azido-3'deoxythmidine (pAZT) or phosphatidyl 2- 55 Several classes of drugs consisting of small organic 
chlorodeoxyadenosine. Certain viral infections, com- molecules can be delivered in the formulations as de- 
prising herpes, cytomegalovirus, and hepatitis B infec- scribed above. One such class comprises steroidal anti- 
tions are effectively treated with nucleoside analogues inflammatory agents which may be prepared in liposo- 
comprising acyclovir, gancyclovir, l-(2-deoxy-2'- mal formulations for topical application. Drugs of this 
fluoro-l-y3-D-arabinofuranosyl)-5-iodocytosine (FIAC) 60 class comprise hydrocortisone, fluocinolone acetonide, 
or l(2'-deoxy-2'-fluoro-l-/8-D-arabinofuranosyl)5- available as SynalarTM (Syntex, Palo Alto, Calif, 
iodouracil (FIAU). Phospholipid derivatives of these 94303); fluocinonide, available as LidexTM (Syntex, 
agents, preferably the phosphatidyl and diphosphate Palo Alto, Calif. 94303); and dexamethasone, available 
diglyceride derivatives can be administered in these as DecadermTM (Merck, Sharpe and Dohme, West 
diseases using cationic lipid liposomal delivery systems, 65 Point, Pa. 19486). 

according to the invention. Details of the structures. Other topical formulations comprising the cationic 

synthesis and liposomal delivery of lipid derivatives of lipids are preparations comprising topical antibiotics 

antiviral nucleosides are presented in U.S. patent appli- such as clindamycin, tobramycin, neomycin, gentamy- 
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cin, tetracycline, erythromycin; oxidants such as ben- vegetable oils, polyols, gums, gelatin, starch, and other 

zoyl peroxide; antifungal agents, such as clotrimazole, carriers. The lipid vesicles may be dispersed in or com- 

miconazole, nystatin, lactoconazole, econazole, and bined with a suitable liquid carrier in solutions, suspen- 

tolnaftate; retinoic acid for the treatment of acne; and sions, or emulsions. 

agents for the treatment of herpes simplex and compris- 5 Parenteral compositions intended for injection, either 

mg antiviral nucleoside analogues such as acyclovir and subcutaneously, intramuscularly, or intravenously, can 

gancyclovir. These nucleoside analogue formulations be prepared either as liquids or solid forms for solution 

preferably comprise lipid derivatives of the antiviral in liquid prior to injection, or as emulsions. Such prepa- 

agents, particularly the phosphatidylglycerol deriva- rations are sterile, and liquids to be injected inUave- 

tives as disclosed in U.S. application Ser. No. 373,088, 10 „ously should be isotonic. Suitable excipients are, for 

and as such may be mcorporated mto liposomes com- j ^ j , 

pnsing one or more cationic lipids of the invention. ^he cationic lipids of the invention may also be pres- 

Other pharmaceutical formulations comprising the ^- ^^ suspensions for ddivery of 

catiomc lipids of the invention are .op.cal preparations ^^^.^^ therapeutic agents in aerosol form to cavities of 

containing an anesthetic or cytostatic agent, mi- 15 ... , , . . ... 

munomodulators, bioactive peptkles or oulonucleo- ^ '"f ''s nose^ hroat, or bronchial pas^ges^ 

tides, sunscreens or cosmetics Reparations fSr topical V'^ T° ^ *1 

use are conveniently prepared with hydrophilic and the other compoundmg agents m these preparations wUl 

hydrophobic bases in the form of creams, lotions, oint- ""^ '^'^^^ "^l"'^"- 

ments or gels; alternatively, the preparation may be in 20 Preparation of Cationic Lipid Compounds 

the form of a liquid that is sprayed on the skin. The ...... 

effect of the cationic lipids is to facilitate the penetration ^ Denvatives of the Rosenthal Inhibitor 

of the active antiviral agent through the stratum cor- Cationic lipids of the invention which are analogues 

neum of the dermis. of the Rosenthal inhibitor may be synthesized by acyl 

Similar preparations for opthalmic use are those in 25 and alky] substitution of a 3-dimethylaminopropane 

which the pharmacologically effective agent is timolol, diol, followed by quatemization of the amino group as 

betaxolol, levobunalol, pilocarpine, and the antibiotics described in Examples 1 through 5. Alkyl substitution 

and corticosteroids disclosed for topical applications. of the primary and secondary alcohol groups of the diol 

Another group of drugs can be delivered orally, topi- to from a diether derivative is accompUshed by treating 

cally, or systemically with the cationic lipid materials 30 the 3-dimethylamino-l,2-propanediol with an alkyl or 

according to formulations of the invention are non- alkenyl methanesulfonate in a neutral solvent, such as 

steroidal anti-inflammatory agents, such as, for exam- benzene, as described in Example 1 for the synthesis of 

pie, l-acetylsahcylic acid (aspinn; Bayer),;^ piroxicam, i,2.0-dioleoyl-3-dimethylamino propyl-;3-hydroxye- 

/.*''**"^® T^^ff/ ^^^l l°\ thylammomum acetate. Acyl substitution of the pri- 

100 7); (Z)-5-fluoro-2.methyl.l-[[p-alcohol(methylsul- 35 J secondary alcohol groups to form a diester 

fmyl)-phenyl]methylene^ l-H.indene-3-acet.c acid derivative is accomphshed by treating 3-dime- 

aulindac)^avadable as C inonl TM (Merck Sharpe and thylaminopropanediol ^vith an acyl halide in a suitable 

Dohme West Pomt Pa. 19486); 2-[(2,6.d.chlorophenyl- J^^^^ at L elevated temperature for an extended time, 

)ammo]-ben2eneacetic acid, tnonosodium salt (di- ^^^^^ ^ f^^^ ^^^^^ 0^-1,2- 

clofenac), available as Voltaren TM (Ciba-Geigy, Sum- 40 , m—a,a.Z;~ ^_„i o u..a. „t»,„i™ 

mit, N.J.): 2',4'-difluoro-4-hydroxy-3-biphenylcarboxy- dioleoyl-3-dimethy^inopropyl-^-hydroxyethy a^^^^^ 
lie acid (diHunisal), available as Dolobid TM , (Merck. f "^J^*'^, °t acyl/alkyl 
Sharpe and Dohme); l.(4.chlorobenzoyl)-5-methoxy-2- denvat.ves is accomphshed by blocking the pnmary or 
methyl-lH-indole-3-acetic acid (indomethacin), avail- Sf0"dary alcohol groups of he starting diol, for exam- 
able as IndocinTM (Merck, Sharpe and Dohme); 45 ple by benzylat.on to form a lyso compound which on 
(±)-2-(p-isobutylphenyl)propionic acid (ibuprofen), condensation with an alkyl or alkenyl methanesulfon- 
available as Advil tm (Whitehall laboratories, Inc., ate yields a l-O-benzyl- 2-O-alkyl glycerol denvat.ve. 
New York, N.Y. 10017); N-(2), 6-dichloro-m-tolyl) Debenzylation, followed by acylation with an acyl hal- 
anthranihc acid (meclophenomate), available as Me- '^e yields a 1-acyl, 2-O-alkyl denvative. Alternatively, 
clomen™ (Parke-Davis, Morris Plains, N.J. 07950; 50 the diol can be alkylated with an alkyl methanesulfon- 
fenoprofen, an arylacetic acid derivative, available as and *e 1-alkyl, 2-lyso denvative isolated and acyl- 
NalfonTM (Dista Products Co., Indianapolis, Ind. ated with an acyl anhydride as described in Example 6, 
46285; 2-naphthaleneacetic acid, 6-methoxy-alpha- Part A.. 

methyl-, (±) (naproxyn), available as Naprosyn TM Quatemization of the thus-substituted diol is carried 

(Syntex, Palo Alto, Calif. 94303); l-methyl-5-(4-methyl- 55 out by treatment with a quatemizing group in the form 

benzoyl)-lH-pyrrole-2-acetate dihydrate (tolmetin), of a halo derivative, and in the presence of a basic cata- 

available as TolectinTM (McNeil Pharmaceutical, lyst, such as 4-dimethylaminopyridine. 

Spring House, Pa. 19477); and derivatives and conge- g gy^^^^^j^ „f Rosenthal Inhibitor adducts comprising 

neK thereot. additional cationic and hydrophobic moieties 

The composition and form of pharmaceutical prepa- 60 

rations comprising the cationic lipids disclosed, in com- One type of cationic lipid composition having multi- 

bination with a drug or other therapeutic agent, can ple amino groups present is prepared by attaching a 

vary according to the intended route of administration. molecule which is basic in nature and of the type known 

Orally administered preparations may be in the form to bind to DNA, such as for example a histone, sper- 

of solids, liquids, emulsions, suspensions, or gels, or 65 mine or spermidine through a carboxyl group attached 

preferably in dosage unit form, for example as tablets or to the basic molecule (J.-P. Behr et al., Proc. Natl. Acad. 

capsules. Tablets may be compounded in combination Sci. USA 86:6982-6986 (1989)) to the available hydroxyl 

with other ingredients customarily used, such as talc, group of a DORI or DPRI diester, diether, or es- 
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ter/ether using a condensing reagent, as for example, 
dicyclohexylcarbodiimide (DCC). 

Another approach, comprising the attachment of 

pendant lysine groups, uses a linker molecule capable of Accurate evaluation of the effectiveness of cationic 

bonding to the available hydroxyl group of an hydrox- 5 lipid species in achieving intracellular delivery requires 

ylipid and having at least two sites capable of bonding Aat structure-activity relationships be determined using 

to lysine. This approach is exemplified by attaching two ^" optimized standard formulation and procedure, 

lysine groups to DPRI-diester through diamino benzoic investigated the optimal conditions using 

acid. DOTMA, a cationic lipid known to be an effective 

10 transfection agent, according to the experiments as 

C. Synthesis of ester/ether derivatives of DOTMA, follows. 
DOTAP and their analogues 

„ A. Characteristics of the Media 

Cationic lipids corrcspondmg to Formula II and hav- _ . . , 

ing both an acyl and alkyl group attached thereto are procedural issue in cationic lipid medi- 

synthesized essentially as described in U.S. Pat. No. ated transfection relates to how serum is introduced into 

4,897,355, which is hereby incorporated by reference, *e transfection procedure. The studies of Examples 15 

except that 3-(diaIkylamino)-1.2-propane diols (desig- ^ ^ ?'^'/"''^ °^ * first step, 

nated Formula 3 therein) are converted to mixed wheran the lipid vestc es fom complexes with polynu- 

^° - ^^^^"^^^x^^ rsr^rh; 

Anv of the cationic linid molecule, of the inv.ntinn ^^'^^''^ ?^ '^'^"^l. ""^P^?^^ ^ ^ '^^'^ 



r.^Z t^^L fTll ^ , r f '"J". " ti^^"^ ""^dia containing low concentrations 

can be synthe ized to contain alkyl chains which are (5 ^^ ,5^^) ^i^^out such inhibition. Note that 

hnked to he glycerol moiety by either ester inkages or i„ flG. 2 a dramatic increase in the functional delivery 
by ether linkages. Accordingly, the molecules may be 25 and expression of mRNA occurs in comparison to FIG. 
either diester, diether, l-ether-2-ester or l-ester-2-ether. 

The structure-transfection activity relationships indi- ' Moreover, cells transfected by the methodology rep- 
cate that for optimal polynucleotide delivery the mole- resented in FIG. 2 not only express the gene product 
cules should be of the diether type; however, these more efficiently, but they also look visibly healthier 
molecules are difficult to metabolize in vivo and would 30 under the microscope. Toxicity studies using trypan 
be expected to result in toxic effects due to accumula- blue exclusion indicate that cells can withstand higher 
tion of the lipids in the body. The diester compounds cationic lipid concentration in the presence of serum, 
should be readily metabolized; however, these com- 
pounds are less active at delivering polynucleotide than ^- Characteristics of the Lipid Formulation 
the corresponding diether cationic lipids. The ether- 35 The critical formulation features for optimal activity 
ester molecules will have transfection activity that is were identified by comparing the effectiveness of 24 
intermediate between diether and diester molecules, but cationic lipid formulations in transfecting cells with 
unlike the diether molecules, ether-ester molecules can messenger RNA containing a luciferase message. FIG. 
be metabolized and excreted by the body. Analogous 3 shows results from transfections using Lipofectin tm 
phospholipids, for example the platelet aggregating 40 (DOTMArDOPE 50:50) showing cationic lipid dose- 
factor, l-0-alkyl-2-acetyl-sn-glycero-3-phosphopho- response and serum effects. Higher lipid concentrations 
line, are metabolized by several cell types, including are required for the maximum response in the presence 
epithelial cells of the lung and skin fibroblasts (Kumar, of serum. 

R. et al. Biochim. Biophys. Acta 917:33-41 (1987). This Since formulations containing increasing quantities of 

feature of the ester/ether species of cationic lipids is a neutral lipid appear to be increasingly less active, 

significant in view of studies indicating liposome medi- alternative formulations, lacking the neutral phos- 

ated transfection can occur with significant efficiency in Pholipid component, were tested. Transfection formula- 

vivo, for example in infusion into the trachea (Biigham, ^^""^ prepared both with and without a neutral 

K. L. et al. Amen J. of the Medical Sciences Phospholipid component according to the procedures 
298(4):278-281 (1989). Due to improved transfection ^° of Examples 7, 8 and 9. The cationic lipid DOTMA was 

activity and metabolizability of ether/ester molecules. «ther alone or combined 

these agents will have particular advantages both in cholesterol and compared with smidar formula- 

vitro and in vivo compnsmg the neutral lipid DOPE as indicated m 

„, _ . . -u J 1. • the table of Example 18 below. The highest activity 

Non-toxic salts of the compounds descnbed herein ^„ , • , 1 .• . , • . . .. 

„,„ • 1 J J • .1. f-i. • 01." occurs m formulations lacking the phospholipid compo- 

are included within the scope of the invention. Such „ 1 1 • .u r v 1 - 1 i^tz-T 

„ u J f u .-11 . • "^nt" particularly in the presence of cholesterol. FIG. 4 

salts may be prepared from pharmaceutically non-toxic f.^^ ^J^^ transfections, indicates that 

acids including inorganic acids and orgamc acids Such the newly defined cationic lipid composition (DOT- 

acids include hydrochlonc, hydrobromic, sulfunc, MA/DOPE/CholesteroI 70/0/30), containing no phos- 

phosphonc. acetic, benzoic, citnc, glutamic, lactic acid pholipid, gives rise to much higher levels of mRNA 

and the like. For the preparation of pharmaceutically expression (compare the scales on the y-axis of the two 

acceptable salts, see S. M. Berge et al., Journal ofPhar- FIGS. 3 and 4) and that this reagent has similar activity 

maceutical Sciences, 66:1-19(1977) which is incorpo- in the presence and absence of serum, 
rated herein by reference. Cationic lipid reagents of the 

invention may be prepared and stored in aqueous solu- 65 Comparison of More Polar Specie's of Corresponding 

tion as empty liposomes, or may be stored dry after Cationic Lipids 

formulation to be later used as encapsulating agents for The transfection effectiveness of a group of cationic 

selected bioactive substances. lipids was evaluated under optimal transfection condi- 
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tions determined as described; that is using lipid formu- long needles of oleylmethanesulfonate were obtained in 

lations in the ratio CL/cholesterol of 70/30 with no 90% yield, 
phospholipid component, and allowing the first stage 

association of lipid vesicles and mRNA to occur in the Step (b): l,2-0-dioleyl-3-dimethylaminopropylglycerol 

absence of serum. As in the previous examples, tissue 5 Racemic 3-(dimethylamino)- 1,2 propanediol (Aldrich 

culture 3T3 mouse cells were transfected with RNA Chemical, Milwaukee, Wis.), 1.5 g, 8.3 mmoles, and 

coding for the luciferase enzyme. The commercially potassium hydroxide, 3.7 g in 100 ml of freshly distilled 

available Rosenthal Inhibitor (RI), DL-2,3-dis- dry benzene was refluxed for 2 hours in a 300 ml, three- 

tearoyloxypropyl(dimethyl>^-hydroxyeA^^^ necked, round bottom flask fitted with a Soxhlet appa- 

umbromide (Sigma, St. Louis, Mo.), was prepared as lo ratus containing molecular sieves. Oleyl methanesulfon- 

lipid vesicles accordmg to Example 11 and was found to j jg g, dissolved in 100 ml of dry benzene, was 

have very weak actjvrty as a catiomc lipid for use in ^ ^ .i^^, -^.^ ^^^.^^^ 

U^nrftetions. The DPRI diester (d.palmitoyl), and ^/^ntinued for another 4 hours. At the end of the 

DORI diester (d.oleoyl) denvat.ves of RI were synthe- ^^^^-^^ ^ ^^^^^ diethylether were 

«zed We also synthesized (2.3-djpa^m,toyl)-prop.l-yl- 15 ^he organic phase was washed with acid and 

SgS?rA"5t— ^ bic^bonatesul^ssiv^elyasdescribedabove-Iliecrude 

agent. The synthesized lipids as well as DOTMA it- Vellow product gave three spots on hm layer chroma- 

self,N-[l-(2,3.dioleyloxy)propyl].N.N,N-trimethylam- fS'^f^y ™ f developed with chloro- 

monium were evaluated for their ability to transfect the 20 ■ . ^cid/water. 

tissue culture cells with luciferase RNA. Data are pres- (^0/15/5/5/2) by volume. The required compound was 

ented in FIG. 5. The primary finding is that the hydrox- P""^'^^ by silicic acid column chromatography as fol- 

yethyl moiety present at the hydrophilic site in the '°ws: Approximately 3.0 g of the above material was 

Rosenthal inhibitor increases the transfective effective- loaded on the silica CC 7, BioRad (40.0 g) column and 

ness of cationic lipids as compared to corresponding 75 sequentially eluted with chloroform (200 ml), chloro- 

cationic lipids lacking this group. Further, the represen- form/methanol 5%, (200 ml), 10% (250 ml) and finally 

tative cationic lipid of the invention, DORI, is a more w«h methanol (500 ml). The pure compound was eluted 

effective transfective agent than DOTMA, even though with 10% methanol fractions and gave an Rf value of 

it lacks the ether groups shown in previous examples, to OAS when chromatographed on the silica gel G plates 

confer superior transfective activity. It should be noted 30 developed in the above system, 

that DOTMA, under the optimized transfective condi- c. /\i-.rvji i^j- ,t.i 

tions of these experiments, has greatly enhanced trans- Step (c): l,2.0.d.oley -S-dimethylammo 

fective properties as compared fo commercial Lipofec propyl-^-hydroxyethylammonium acetate 

tin TM . Further, the superior transfective agent DORI Racemic l,2-0-dioleyl-3-dimethylaininopropyl- 

is superior as a metabolizable, non-toxic transfective glycerol, 2.1 g, (3.4 mmol) and 4 ml of 2-bromoethanol 

agent. (Aldrich Chemical, Milwaukee, Wis.) in 18 ml of di- 

In summary, these studies indicate that effective methylformamide was added in a 100 ml round bottom 

transfection of cells using CLs requires selecting the flask and stirred for 36h at 45° C. At the end of the 

most effective cationic lipid for the application, the reaction period, the mixture was concentrated under 

optimal transfection formulation, and the use of an opti- ^ reduced pressure, and the product was purified by pass- 

mal transfection procedure. ing through the silica gel column. The compound was 

The invention can be better understood by way of the dissolved in a small amount of chloroform and loaded 

following examples which are representative of the on to 30 gms of silica gel 60, 70-270 mesh, packed in a 

preferred embodiments thereof, but which are not to be 1x18 column. The pure compound was eluted with 8% 

construed as limiting the scope of the invention. methanol in chloroform and gave an Rf value of 0.21 on 

EXAMPLE 1 : Synthesis of Sf' °. P'"**.' developed in the above system. Fi- 

1.2-0-dioleyl-3-dimethylamino "^^y- *^ bromide salt was converted to acetate by 

propyl-;3-hydroxyethylammonium acetate (DORI P^«**"S P^'oduct through a Whatman DE-52 cellu- 

diether) (acetate form) column. The product was obtained 
50 in 50/50 chloroform/methanol eluate. The compound 

Step (a): Oleylmethanesulfonate ^as crystallized in acetonitrile at -20° C. 

In a 500 ml three-necked flask equipped with a drop- EXAMPLE 2: Synthesis of DL 

ping funnel, 5.0 g (18.7 mmoles) of oleyl alcohol (Nu , . „ 1 j: 

chloroform. The solution was chilled in an ice bath and oieiner; 
3.22 g (28.14 mmoles) of methanesulfonyl chloride (Nu This compound was synthesized by substituting pal- 
Check Prep) dissolved in 50 ml of dry chloroform was mityl alcohol for oleyl alcohol in the above procedure, 
added dropwise during one hour. The reaction mixture T-vAi^nrT--. o ■ r 
was allowed to stir for another 4 hours at room temper- 60 ^, , , , EXAMPLE 3: Synthesis of 
ature. At the end of the reaction period, 30 ml of ice DL-l,2-dioleoyl-3-dimethylaminopropyl-^-hydroxye- 
cold water and 50 ml of diethylether was added. The thylammon.um acetate (DORI diester) 
organic layer was washed twice with 50 ml of 0.5N cold To 10 g. of oleoyl chloride in 21 ml of dry dimethyl- 
HCL, followed by 50 ml of cold 0.5N sodium bicarbon- formamide were added 1.6 g of Rac-3-(dimethylamino)- 
ate. Finally, the organic phase was dried over anhy- 65 1,2 propanediol and 5 ml of tributyl. The mixture was 
drous sodium sulfate and evaporated under vacuum on heated to 60°-65° C. for 48 hours. After the mixture was 
a rotary evaporator. The product was dissolved in 45 ml cooled to room temperature, 50 ml of freshly distilled 
of absolute ethanol and crystallized at —20° C. Pure diisopropylether was added and the mixture was heated 
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to boiling. The reaction mixture was again cooled to benzyl-3-dimethyIaininopropyl glycerol. Debenzyla- 
room temperature and filtered. Filtrate was evaporated tion followed by acylation of the resulting compound 
under vacuum and the product was crystallized with with palmitic acid chloride and quaternization under 
acetonitrile. The pure dioleoyl-3-dimethylaminopropyl- similar conditions as described above gave the required 
glycerol was further subjected to quaternization by 5 compound. The synthesis of alkyl/acyl analogues was 
treatment with 2-bromoethanol in dimethylformamide achieved by two routes: 

as described in Example 1 above. (a) 3.(dimethylamino)-l,2-propanediol (1.0 mol) was 

EXAMPLE 4- Synthesis of reacted with 0.7 mol of palmitic methanesulfonate to 

DL-l,2-dipalmitoyl-3-dimethylaminopropyl-/3-hydrox. ,„ , l-0-palmityl-2-lyso-3-dimethylaminopropyl 

yethylammonium (DPRI diester) '° 8 ycerol Acylation of the above lyso compound with 

oleic anhydnde gave the alkyl/acyl denvative. 
This compound was synthesized by using palmitoyl (b) The primary alcohol group of batyl alcohol (Ser- 
chlonde mstead of oleoyl chloride in the above proce- dary Research Laboratory) is protected with ts-Cl and 

Nal and the secondary hydroxyl group is then acylated 
EXAMPLE 5- Synthesis of anhydride to obtain alkyl/acyl iodohydrin 

DL-l,2-dioleoyl-3-propyltrimethylammonium chloride derivative. Further treatment of the iodohydrin deriva- 
(DOTAP). dimethyl amine gave the required product. 

^ , „ , , , . These compounds are then quatemized by using the 

To 2.0 g of 3-(dimethylamino)-l,2-propanediol, dis- procedures described above, 
solved in 15 ml of freshly distilled chloroform and 10 ml 20 

of anhydrous pyridine, chilled to 4° C, was added drop- EXAMPLE 8: 

wise 12.6 g of oleoylchloride, dissolved in 50 ml of 3,5-(N,N-di-lysyl)-diaminobenzoyl-3-(DL-l,2-dipalmit- 

chloroform, over a period of one hour. The reaction oyl-dimethylaminopropyl-jS-hydroxyethylamine) 

was allowed to stir overnight and then stopped by the (DLYS-DABA-DPRI diester) 

addition of 50 ml of cold water and ether. The organic 25 step 1 : Di-t-Butyloxycarbonyl-3,5-di-aminobenzoic 

phase was washed twice with 0.5N HCL and 0.5N acid (Bis-Boc-DABA) 

sodium bicarbonate, and after drying over anhydrous 

sodium sulfate, evaporated under vacuum. The product ^ quantity of 3,5-Di-aminobenzoic acid (1.52 g; 10 
was purified by silicic acid column chromatography as '"'"^l)' tnethylamine (2.8 ml, 10 mmol) and di-t-butyl- 
described in Example 1. The pure compound was next 30 di-carbonate (4,5 g; 22 mmol) (Aldrich Chemical Co, 
quatemized with methyl chloride as follows: 500 mg of Milwaukee, Wis.), were dissolved in DMF (10 ml) and 
the pure compound was added into the protein hydroly- ^^"^ ^4 hours at room temperature. The solvent 
sis tube and the methyl chloride (Aldrich Chemical, evaporated under vacuum and the product was 

Milwaukee, Wis.) was condensed into the tube by re- chromatographed on silica gel using chloroform as 
peated cooling of the tube in liquid nitrogen until filled 35 *° compound, 

with 5 ml of methyl chloride. The tube was once again step 2: Bis-Boc-DABA-DPRI diester 

thawed, frozen and evacuated with oil pump to remove _. 

any residual air. Finally, the tube was sealed and placed ^^^^ <3.52 g, 10 mmol) and DPRI (10 

in the heated metal block maintained at 70° C. for 72 ^^""^ coupled following the procedure described 

hours. After the reaction period, the tube was cooled to 40 Procedures 7.3 and 7.4 above. 
°° C. and then opened to evaporate unreacted methyl step 3: 3,5-(NN-Di-lysyl)-DABA-DPRI diester 

chloride. The yellow wax was crystallized from aceto- 
nitrile at -20» C. Further purification of the compound Compound #6 (2 mmol) was treated with TFA (10 
was done on the silica gel 60 column. The pure com- ™) ^' temperature to remove the BOC 

pound was eluted with 200 ml of 10% methanol in 45 Protecting groups. After evaporating the solvent, the 
chloroform and gave an Rf value of 0.23 on a sihca gel Product was reacted with Bis-Boc-lysine (5 mmol) using 
G plates, when developed in the above solvent system. condensing agent. The product isolated after 

evaporating the solvent was deprotected using TFA 
EXAMPLE 6: Synthesis of DL and purified as described in 7.4 above. 

l,2-dipalmitoyl-3-propyltrimethylammonium chloride ^ „ 

(DPTMA diester) EXAMPLE 9: 

3,5-(N,N-di-lysyl)-diaminobenzoyl-glycyl-3-(DL-l,2- 
This compound was synthesized by using palmitoyl dipalmitoyl-dimethylaminopropyl-iS-hydroxyethyla- 
chlonde mstead of oleoyl chloride in the above proce- mine) (DLYS-DABA-GLY-DPRI diester) 

dure. 

Step 1: Di-t-ButyloxycarbonyI-3,S-di-aminobenzoic 

acid (Bis-Boc-DABA) 
As in Example 7 above. 
The alkyl, acyl and mixture of acyl/alkyl derivatives 
with the same or different aliphatic carbon chain Step 2: Boc-glycyl-DPRI diester: 

lengths of the above compounds can be synthesized by 60 Boc-glycine (1.75 g, 10 mmol) and DPRI (10 mmol) 
using known procedures ofblocking the primary and or were coupled following the procedure described in 
secondary alcohol of the starting materials. Steps 3 and 4 of Example 8. 

For example, the 1-acyl, 2-alkyl analogue of the 
above compound was synthesized by benzylation of the ^*^P ^= B's-Boc-DABA-glycyl-DPRI diester: 

primary hydroxyl group of 3-(dimethylamino)-l,2- 65 Bis-Boc-DABA (3.52 g, 10 mmol) of the compound 
propanediol (1.0) mol) with 0.9 mol of benzyl chloride from Step 2 above was treated with TFA (10 ml) doe 30 
to obtain a lyso compound which, on condensation with min. at room temperature to remove the Boc protecting 
palmitic or oleic methansulfonate gave 1-O-alkyl, 2-0- group. TFA was evaporated and the product was cou- 
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pled with Bis-Boc-DABA from Step 1 above as de- Polar Lipids, (Pelham, Ala.)- DOTMA was synthesized 

scribed in Example 8. according to U.S. Pat. No. 4,897,355 to Epstein, D. et 

>. ,*/xTVTT^-, .^T^»nA , ,T^i,B»j. bI. OT Fclgiier, P. L. ct al., PN AS 84: 74 1 3-7417 (1987) 
Step 4: 3.5-(NN.D..lysyl)-DABA.glycyl-DPRI diester DOTAP was synthesiUd according to Example 10. 

The compound from Step 3 above (2 mmol) was 5 DOPG/DOPC vesicles were prepared by drying 50 mg 

treated with TFA (10 ml) for 30 min. at room tempera- of DOPG and 50 mg of DOPC under a stream of nitro- 

ture to remove the BOC protecting groups. After evap- gen gas into a sonication vial. The sample was placed on 

orating the solvent, the product was reacted with Bis- a vacuum pump overnight and was hydrated the fol- 

Boc-lysine (5 mmol) using DCC as condensing agent. lowing day with deionized water to a concentration of 

The product isolated after evaporating the solvent was 10 10 mg/ml total lipid. The sample was sonicated for 2 

deprotected using TFA and purified as described in hours in the capped vial, using the Heat Systems model 

Step 4 of Example 8. 350 sonicator equipped with an inverted cup (bath type) 

Various DORI derivatives corresponding to the probe at the maximum setting and the bath was circu- 

DPRI derivatives described in Examples 8 and 9 can be lated at 15* C. Alternatively, negatively charged vesi- 

synthesized by substituting DORI in the coupling pro- 15 cles can be prepared without sonication to produce 

cedures. multilamellar vesicles (MLV) or by extrusion through 

EXAMPLE 10: Synthesis of nuclepore membranes to produce unilamellar vesicles 

L.spennine.5-carboxyl-3-(DL.l,2-dipalmitoyl.dime- of « discrete size. Other methods are also available and 

thylaminopropyl./S-hydroxyethylamine) (SPC-DPRI ^^"^ , ' a DOTMA or 

7 f ^- J diester) 20 DOTAP vesicles were prepared m an exactly analo- 

gous manner. 

L-5-carboxytetrabutyloxycarbonylspermine (tetra- 

BOC-Sper-COOH) (664 mg; 1 mmol) prepared accord- EXAMPLE 13: POLYNUCLEOTIDE/CATIONIC 
ing to published procedures (J.-P. Behr et. al. Proc. Natl. LIPID COMPLEX FORMATION 

Acad. ScL, USA, 86, pp 6982-6986, 1989) was coupled to 25 Polynucleotide complexes were prepared by mixing 

DPRI (1 mmol) as described in 8.3. The product was o.5 ml of a 10 ug/ml polynucleotide solution with 0.5 ml 

de-protected and purified by chromatography to pre- of sonicated DOTMA/PE or DOTAP/PE liposomes 

pare SPC-DPRI diester. at 40-100 ug/ml by slow addition through a syringe 

EXAMPLE 1 1 : PREPARATION OF ,„ with constant gentle vortexing. The diluted polynucleo- 

LIPOSOME-FORMING DOTAP *'de and liposome solutions are prepared from concen- 
trated stock solutions by dilutions into Opti-MEM Re- 

The cationic liposome-forming material 1,2-bis- <juced Serum Media obtained from Gibco/BRL, Gai- 

(oleoyloxy)-3-(trimethylammonio)propane (DOTAP) thersburg, Md., at room temperature. This procedure 

may be also prepared as reported by L. Stamatatos, et results in positively charged complexes which will 

al. Biochemistry 27:3917-3925 (1988) or H. Eibl et al., 35 spontaneously deliver polynucleotide imo cells in tissue 

Biophysical Chemistry 10:261-271 (1979). culture. Different ratios of positively charged liposomes 

Bneny, Stamatatos et al report that 1 mmol of 3- polynucleotides can be used to suit the need. These 

bromo- l,2.propanediol (Aldnch, Milwaukee Wis. was ^^t^ods are essentially as described in Feigner, P. L. et 

acylated for 48 hours at 20 C. with 3 mmol of oleoy ^1., PNAS 84: 7413-7417 (1987). and Feigner, P. and M. 

chloride (freshly prepared from oleic acid and oxalyl 40 j^^^^ jjq) Spring, 1989. 

chloride) in dry, alcohol-free diethyl ether (20 ml) con- 
taining 5 mmol of dry pyridine. The precipitate of pyri- EXAMPLE 14: TRANSFECTION PROTOCOLS 
dinium hydrochloride was filtered off, and the filtrate ^. Qgnej-aj Protocol 

was concentrated under nitrogen and redissolved in 10 

ml of hexane. The hexane solution was washed 3 times 45 Transfections of RNA according to Examples 15-19 

with an equal volume of 1:1 methanol/0. IN aqueous were carried out as follows: 

HCOONa, pH 3.0, 3 times with 1:1 methanol/O.lN Plates (10 cm) of rapidly dividing adherent cells near 
aqueous NaOH, and 1 time with 1 % aqueous NaCl. The confluency, or 1 X lO'' suspension cells, were transfected 
crude 3-bromo-l,2-bis-(oleoyloxy)propane was then as follows unless otherwise noted. Cells were washed 
stirred for 72 hours in a sealed tube with a solution of 50 once in Opti-MEM Reduced Serum Medium (Gibco) 
15% trimethylamine in dry dimethyl sulfoxide (30 ml) and then returned to the incubator covered in Opti- 
at 25° C. The products of this reaction were dissolved in MEM. Aliquots (4 ml) of Opti-MEM Medium were 
chloroform (200 ml), which was repeatedly washed placed in 12x75 mm polystyrene snap cap tubes, and 50 
with 1:1 methanol/100 mM aqueous HCOONa, pH 3.0, ug of Lipofectin Reagent were added. A mixture of 
and then evaporated in vacuo to yield a hght yellow oil. 55 capped mRNA and uncapped carrier RNA transcribed 
The material was purified on a column of silicic acid from EcoR V-linearized pIBI31 (according to Malone, 
(Bio-Sil A, Bio-Rad Laboratories), eluting with a R. et al, Proc. Nafl Acad. Sci. USA 86:6077-6081 
0-15% gradient of methanol in chloroform to give the (1989)) was then added to the media/lipid mixture to a 
desired product in pure form at 9-10% methanol. total of 20 ug of RNA. The mixture was immediately 
This purified product was a colorless, viscous oil that 60 vortexed. Cells were removed from the incubator, the 
migrates with an R/of 0.4 on thin layer chromatography medium removed, and the Opti-MEM/lipid/RNA mix- 
plates (Silica Gel G) that were developed with ture added. Cells were then returned to the incubator 
50:15:5:5:2 CHClj/acetone/CHaOH/CHsCOOH/H. for 8 h, unless otherwise noted, and harvested as de- 

EXAMPLE 12: LIPID VESICLE PREPARATION "^"^^^ fibroblasts (NIH 3T3, clone 2B) cells were 

Dioleoylphosphatidylcholine (DOPC), dioleoylphos- maintained in Dulbecco's Modified Eagles Medium, 

phatidylglycerol (DOPG) and dioleoylphosphatidyle- (DMEM)-I-10% (v/v) calf serum (CS) prior to trans- 

thanolamine (DOPE) were purchased from Avanti fection. 
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B: 96-well microwell plate procedure 
The RNA transfection according to Example 20 and 
the DNA transfections according to Examples 20-23 
were carried out in 96-well plates, as follows: 5 

(1) The wells of a 96-well microtiter plate were 
seeded with 20,000 to 40,000 cells per well; 

(2) Dilutions of cationic lipid preparations and poly- 
nucleotide preparations from stock solutions were car- 
ried out by 2-dimensional serial dilutions in two sepa- 10 
rate 96-well plates according to the scheme set forth in 
the Table below; 

(3) Corresponding dilutions of lipid and polynucleo- 
tide were mixed by transferring an equal volume of 
polynucleotide to a corresponding lipid microwell; 15 

(4) The serum-containing media was evaporated from 
the wells containing the cells; 
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(5) A quantity of about 100 ftl of the cationic li- 
pid/DNA complexes were added to cells in each well 
of the microtiter plate. Final dilutions and molar ratios 
of lipid and polynucleotide in each well are indicated in 
the Table below. 

(6) The plates were incubated at 37' C. (5% CO2). At 
4-24 hours post transfection, an aliquot of 10% serum in 
Optimem TM was added to each well; 

(7) At the end of the incubation, the assay media of 
the cells or a whole cell lysate was assayed for expres- 
sion activity. 

Where beta-glactosidase was the reporter gene, the 
expression was monitored colorimetrically, using 2- 
nitrophenyl-/3-D-galactopyranoside (ONPG) or chlo- 
rophenyl red-)S-D-galactopyranoside (CPRG) as a sub- 
strate, reading the plates with a microtiter reader at 405 



m Protocol in vitro 



672.14 336.07 168.04 83.54 41.37 21.04 10.44 5.23 

572.14 336.07 168.04 83.54 41.37 21.04 10.44 5.23 

572.14 336.07 168.04 83.54 41.37 21.04 10.44 5.23 

>72,14 336.07 168.04 83.54 41.37 21.04 10.44 5.23 

E 672.14 336.07 168.04 83.54 41.37 21.04 10.44 5.23 

F 672.14 336.07 168.04 83.54 41.37 21.04 10.44 5.23 

G 672.14 336.07 168.04 83.54 41.37 21.04 10.44 5.23 

H 672.14 336.07 168.04 83.54 41.37 21.04 1044 5.23 



242.42 242.42 242.42 242.42 242.42 

121.21 121.21 121.21 121.21 121.21 

60.61 60.61 60.61 60.61 60.61 

30.30 30.30 30.30 30.30 30.30 



242.42 242.42 

121.21 121.21 

60.61 60.61 

30.30 30.30 



15.15 15.15 15.15 15.15 15.15 15.15 15.15 15.15 
7.58 7.58 7.58 



3.79 3.79 3.79 3.79 




Cationic Lipid (nmole/ml): 2X serial dilution columnwise 



[Lipid] (uM) 
[MA] (uM) 
L/M raeie 



168.00 84.00 



42.00 21.00 10.50 



168.00 84.00 



[Lipid] (uM) 
[MM (uM) 
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21.00 10.50 



44.33 22.19 



353.68 176.84 



Id Upid/Polynudeotide M 



Luciferase RNA expression was determined in 3T3 
cells following cationic lipid mediated transfection, 
according to the procedure described in Example 14, in 
the presence of increasing concentrations of fetal bo- 
vine serum. The transfection formulation consisted of 
luciferase mRNA (HVCLONE) in a lipid mixture com- 
prising 80% DOTMA and 20% DOPE. In carrying oul 
the transfections, serum was added to both the cationic 
lipid solution and the RNA stock solutions prior to 
mixing the lipid and the RNA. 

The data below, plotted as FIG. 1, shows the marked 
inhibitory effect of serum on transfection. 



J 5 Sfig luciferase message and IS fig ribosomal RNA. The 
levels of expression, including the peak level at the 
optimum lipid concentration, are listed below and plot- 
ted in FIG. 3. 



CL:CL + Phospholipid 



20% 50% 80% 



DOTMA 
DOTAP 

DOTMA:Cholesterol 7:3 
DOTAP:Cholesterol 7:3 
DOTMA 
DOTAP 

DOTMA:Cholesterol 7:3 
DOTAPtCholesterol 7:3 



Percent Serum Luciferase Activity 

0 1716 
5 71.1 
10 47.0 
15 35.6 
20 29.9 
Control 13;9 



EXAMPLE 16: TWO-STAGE PROTOCOL TO 
OPPOSE THE SERUM INHIBITORY EFFECT 

40 

In an experiment subsequent to that described in Ex- 
ample 15, the procedure was identical except that DOT- 
MA:DOPE 80:20 was muted with the mRNA solution 
before the addition of serum. The data below and in 
FIG. 2 show a marked transfection-enhancing effect at 45 
low serum concentrations. Note the difference in y-axis 
scales in FIGS. 1 and 2. 



Incubation Serum: 

(minutes) None 5% 15% 20% 



0 1716 15465 6175 2497 

5 2136 15285 7335 2368 

10 1751 12490 4696 2294 

20 1345 12110 3929 2133 



fig; at a fixed RNA level of 20 jxg total, comprised of 



These data identify several critical formulation issues 
that are important for optimal activity: 

(1) The inclusion of neutral phospholipids in CL 
vesicle formulations reduce functional activity and ex- 
pression of mRNA. 

(2) DOPC has a greater inhibitory effect than DOPE. 

(3) DOTMA (a diether compound) is more active 
than DOTAP (the corresponding diester compound), 

(4) Cholesterol does not have a dramatic inhibitory 
effect in these formulations. 

EXAMPLE 18: EFFECTIVENESS OF 
TRANSFECTION FORMULATIONS LACKING 
NEUTRAL PHOSPHOLIPIDS 

Since the data of Example 17 indicated that formula- 
tions containing increasing quantities of a neutral phos- 
pholipid (DOPE or DOPC) are increasingly less active, 
some alternative formulations lacking the neutral phos- 
pholipid component were tested. Four different levels 
of lipid were tested: 50, 75, 100, and 125 fig; at a fixed 
RNA level of 20 fig total, comprised of Sfig luciferase 
message and 15fig ribosomal RNA. The levels of ex- 
pression, including the peak level at the optimum lipid 
concentration, are listed below and plotted in FIG. 4. 
The data indicates that formulations consisting of either 
100 mole % DOTMA or 70 mole % DOTMA and 30 
mole % cholesterol give rise to the highest activity in 
the absence of serum. Data below indicate that the best 
activity in the presence of serum occurs with the formu- 
lations containing cholesterol. For example, the re- 
placement of 30% of the DOTMA in 100/0/0 by cho- 
lesterol in the formulation 70/0/30 demonstrates 
marked enhancement of activity due to the presence of 
cholesterol. 



Formulation Total Luciferase Light Units 

DOTMA/PL/CHOL Lipid Qig) 10% Serum Opti-MEM 
50/50/0 50 1217 568 
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EXAMPLE 17: OPTIMIZATION OF CATIONIC 

LIPID MEDIATED TRANSFECTION 
A total of 24 cationic lipid vesicle formulations were 
prepared using either DOTMA or DOTAP as the cati- 
onic lipid species (CL). The effect of charge density was 
evaluated by increasing the mole % of the cationic lipid 
species relative to a neutral phospholipid, either diole- 
oyl phosphatidyl ethanolamine (DOPE) or dioleoyl 
phosphatidyl choline (DOPC). Each formulation was 
prepared with and without 33 mole % cholesterol. Four 
different levels of lipid were tested: 50, 75, 100, and 125 
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active than DOTMA. Based on this analysis, quatemi- 
zation of the DOTMA derivatives with the hydroxy- 
ethy! moiety present in RI will further improve the 
activity of the cationic lipids. 
> The structure activity relationships indicated by this 

(1) Ether > Ester aliphatic group linkages 

(2) Unsaturated > Saturated aliphatic groups 

(3) Hydroxyethyl> Methyl quaternizing groups 
^ These data indicate that cationic hpids can be made 

that differ substantially with respect to transfection 
activity and that some analogs are more active than 
DOTMA. Note particularly that the DOTMA formula- 
tion here and shown on FIG. 5 is much more active 
than the commercial Lipofectin TM standard. 

EXAMPLE 20; Effect of Lyso Lipids in Increasing the 
Effectiveness of Transfection Formulations 
^ The in vitro transfection efficiency of lipid formula- 
tions containing lysophosphatidylcholine (1-oleoyl ly- 
sophosphatidylcholine) in DOTMA/DOPE (Lipofec- 
tin TM ) was evaluated by the gene expression of beta- 
galactosidase from pSV2-lacZ plasmid in COS,7 cells. 
EXAMPLE 19; STRUCTURE-TRANSFECTION 25 Transfection Protocol 

ACTIVITY OF CATIONIC LIPIDS . f-,nn«, ,, r ■ 

A population of 20,000 cells was transfected m mi- 
To compare the effect of vanous structural modifica- crowell plate wells using the quantities of lipid and 
tions on the transfection activity demonstrated by cati- dNA indicated in Example 14A and in the absence of 
?rn^x,r^™T*"T"'*''°"L J^S^T^ DOTMA, serum. DNA 08-galactosidase; pSV2LacZ) and trans- 
DPTMA DPRI diester and DORI diester were pre- fection lipid formulations of Lipofectin TM and Lipo- 
pared as described m the preceding examples and used fectin TM and lysophosphatidylcholine were prepared 
in the transfection of tissue culture cells with RNA ^ serial dilutions froiA stock solutions (DNaI 160 
"A noTiSr fr ^«^y■"^«^^esc^bed m Exam- Lipids: 0.747 mM)in OptimemTM in 96.well 

tions were prepared with 70 mole % cationic lipid and ^J'^fT^ °l " °^ DNA-hpid mixture vv^ 
30 mole % cholesterol, a ratio which is shown to make col , 1^1^^ T "^f nT^"'"^, 
the DOTMA formulation used herein 3-4 fold more Sil S r rSw 2 ,! F T- '"Z 
active than the Lipofectin TM reagent (See Example 17 "^/^^ P^" C02){ot4 hours, at which time 50 

and FIG. 4). A range of lipid from 0.012 to 0.300 ag ^ ™' ?"°T^ Optimem TM was added to 

were used to transfect a fixed amoum of RNA, compri^ ^''^ *° ^'^^^ ^ concentration of 10%. After 
ing 5 p,g luciferase message and 1 5 ug ribosomal RNA. addmonal 24 hours of incubation at 37° C, a volume 
The results are indicated in the data below and also in oHOO ml of 10% bovine calf serum in Optimem TM was 
FIG. 5. added to each well and the incubation continued for 

45 another 24 hours at 37° C. After 48 hours, the transfec- 
tion reagent was aspirated and 50 iil of lysis buffer 



Formulation 




Luciferase Light Units 


DOTMA/PL/CHOL 


Lipid (fig) 




Opti-MEM 






1309 


176 








96 






923 


39 


80/20/0 




1510 


450 






1347 


215 






1469 


81 






1046 


55 


100/0/0 




208 


2908 






S3 


939 






63 


590 






50 


196 












75 


739 


543 




100 


1491 


240 




125 


1421 


160 




50 


1531 


875 




75 


1251 


1146 




100 


1355 


964 




125 


1007 


500 


70/0/30 


50 


3788 


2415 




75 


891 


1674 






323 


784 




123 


183 


367 



^tM Lipid DORI DOTMA DPRI DPTMA (0.1% triton-XlOO in 250 mM Tris, pH 8) was added t( 

0.012 30 26 54 16 each well. The plate was frozen at -70° C. and sub- 

2^ 284 17 jected to 3 freeze-thaw cycles between -70° C. and 
o!o75 640 1555 404 36 50 room temperature. A quantity of 50 fil of PBS (contain- 

0.100 1541 3901 160 53 ing 0.5% BS A) was added to each well, followed by an 

2933 4662 272 65 addition of 1 50 ju.1 of a /3-galactosidase substrate ONPG 

a 9^ 6772 899 145 ^' ^ concentration of 2 mg/ml. Absorbance at 405 nm 

0^200 12115 6757 1959 190 was read from a Standard curve. To Compare the cffcct 
0.225 11705 6491 2124 218 55 of various Structural modifications On the transfection 

0 275 '98R5 fMfi «A activity demonstrated by cationic lipids, formulations 

QjQo 7947 3651 1995 479 containing DOTMA, DPTMA, DPRI diester and 

— DORI diester were prepared as described in the preced- 

, ^. • . r V , • ™S examples and used in the transfection of tissue cul- 

T^JS T^noTMi'^ App w^P^^^^ ""^ RNA coding for the luciferase enzyme as 

^^,^l^ ,vi^?J p^^^^I\ K•7^.PT^^^°°T"; ^^'^'^^ *" Example 14A. DOTMA is the cationic 

S J"^'?"?/ ^^il""^' V '"f f°"n<i Lipofectm tm . The following four for- 

found to have very weak activity (data not shown); ^^^^^^^^^ ^^.^ 
however, the dipalmitoyl denvative (DPRI diester) 

was several times more active than the corresponding 65 

dipalmitoyl derivative of DOTMA (DPTMA). It was Composition Molar Ratios 
for this reason the dioleoyl derivative of the Rosenthal 
inhibitor was synthesized, and it was found to be more 
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-continued 
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EXAMPLE 2 1 : COMPARATIVE 

3s TRANSFECTION EFFICIENCY OF CATIONIC 

/ 5) LIPID ANALOGS 

— 5 Cationic lipid formulations comprising DOTMA/- 

DOPE 5/5, DORI/DOPE 5/5, and DORIE/DOPE 
RESULTS ^^""^ "^^'^ '° ^""sf^'^* COS.7 cells at a density of 

40,000 cells per well according to the procedure of 
Experimental results are summarized in the following Example 14B. As indicated Figure and in the Table 
tables. Data represent pg expression of ;3-galactosidase. 10 below, DORI and DORIE analogs show superior trans- 

fection activity compared to DOTMA. No significant 



DOtMA/DOPE/LvsoPC 1/1/0 (5/5/0) 
Cationic lipid (pinole) 



DNA(pniole) 16800 8400 4200 2100 1050 525 262.5 131 
6060 - 56.9 211.7 778.7 1171.9 1098.6 667.2 433.8 255.4 



-66.2 - 49.7 - 23.0 519.4 437.6 635.5 352.8 

-73.0 - 52.2 - 45.9 265.6 163.0 300.7 316.4 

-75.6 -49.7 -57.8 133.3 58.3 177.8 252.0 

-76.0 - 73.4 - 57.3 18.5 30.0 68.1 97.3 



8.8 27.0 



DOTMA/DOPE/Lyso PC 1/1/0.25 (5/5/1.25) 

Cationic lipid (pmole) 

DNA(pmole) 16800 8400 4200 2100 1050 525 262.5 131 



6060 -111.7 - 22.4 1039.5 1678.2 1801.4 1202.0 445.7 160.0 

3030 -122.9 - 66.9 244.0 1602.5 2101.1 1658.6 493.3 611.0 

1515 -134.1 -122.9 129.2 787.4 1801.4 1563.3 711.8 571.7 

758 -128.5 -in. 7 -103.3 529.7 809.8 1588.5 793.0 468.1 

379 -122.9 -125.7 -117.3 230,0 440.1 611.0 711.8 196.4 

189 -142.5 -145.4 -131.3 89.9 188.0 213.2 314.0 120.8 

95 -125.7 - 153.8 -128.5 -47.3 78.7 426.1 179.6 126.4 

47.4 -139.7 -145.4 -103.3 -64.1 358.9 123.6 78.7 89.9 



DOTMA/DOPE/Lyso PC 1/1/0.5 (5/5/2.5) 

Cationic lipid (pmole) 

16800 8400 4200 2100 1050 525 262.5 



237.4- 355.8 765.0 593.0 

102S.8 374.6 613.4 394.6 

772.2 877.0 672.6 679.8 

505.0 728.2 1284.2 667.8 

320.2 18S.4 544.2 1002.2 

179.0 228.2 221.8 375.4 



difference in effectiveness was seen between cationic 
lipid having ester linkages and ether linkages (DORI 
compared to DORIE). However, the hydroxyethyl 
moiety linked to the nitrogen of quaternary ammonium 
(DORI and DORIE) appears to improve activity as 
compared, to the methyl group of DOTMA. 



DNA (pmole) 16800 8400 4200 2100 1050 525 262.5 131 

6060 55.6 190.0 38i:7 156.0 64.7 9.0 95.5 152.1 

3030 -47.2 98.7 341.4 752.8 114.9 67.5 250.9 187.2 

1515 -59.4 44.9 267.9 652.8 468.3 50.5 115.3 170.2 

758 -65.7 -30.9 199.9 537.8 765.5 169.8 130.3 208.6 

379 -62.6 -39.6 110.2 466.7 275.0 544.5 219.6 271.0 

189 -72.8 -51.1 19.2 306.2 199.5 352.1 483.3 273.0 

95 -74.0 -65.7 -13.6 123.6 168.7 166.3 158.4 218.1 

47.4 -75.2 -57.8 -32.1 77.0 95.1 69.4 155.2 143:4 



39 



5,264,618 



40 



DNA (pmole) 16800 8400 



DOTMA/DQPE (5/5) 
Cationic lipid (pmole) 



-200.0 326.1 1764.1 1450.3 571.2 

-291.5 - 332.7 1012.4 744.4 509.2 

-304.6 48.4 702.0 398.0 499.3 

-275.2 -186.9 577.8 385.0 293.5 

-317.6 - 262.1 120.3 221.6 286.9 

-324.2 - 294.8 28.8 179.1 139.9 

-327.5 - 298.0 -141.2 205.2 130.1 

-311.1 -324.2 - 26.8 126,8 - 26.8 



DORI/DOPE (5/5) 

Cationic lipid (rmole) 

DNA (pmole) 16800 8400 4200 2100 1050 525 262.5 131 



6060 1321.4 1289.1 2111.7 1611.7 906.0 466.5 285.1 87.5 

3030 853.6 1289.1 1958.5 1559.3 1079.4 502.8 321.4 293.1 

1515 906.0 1781.0 1773.0 1724.6 680.2 252.8 184.3 139.9 

758 563.3 708,5 833.5 1281.0 700.4 418.1 248.8 220.6 

379 410.1 942,3 139.9 329.4 635.9 256.9 309.3 297.2 

189 -190 7 510,9 180.2 139.9 277.0 87.5 111.7 14.9 

95 -198,8 -37.5 107.7 91.5 63.3 252.8 14.9 152.0 

47.4 -279.4 -33.5 144.0 35.1 35.1 107.7 87.5 27.0 



DORIE/DOPE (5/5) 



2040.3 
1752.2 
1904.9 



1682.7 
1856.3 
2123.7 



415.3 
380.6 
387.6 
516.0 
339.0 



EXAMPLE 22: EFFECT OF NEUTRAL LIPIDS IN 
THE TRANSFECTION FORMULATION ON 
EFFICIENCY OF TRANSFECTION 
A. Neutral Phospholipid 
Increasing concentrations of dioleoylphosphatidyle- 



lipid formulation used to transfect COS.7 cells at a den- 
sity of 20,000 cells/well with pSV2-lacZ according to 
the procedure of Example 14B. The formulation were 
evaluated for their comparative transfective efficiency 
by the expression of j8-galactosidase activity as indi- 
cated in FIG, 8 and the Tables below: 



DORI/DOPE (10/0) 
Cationic lipid (p 



-85.8 
-81.5 
-94.5 
-101.7 



thanolamine (DOPE) were added to DORI and the 



DNA (pmole) 16800 



DORI/DOPE (8/2) 

Cationic lipid (pmole) 



4200 2100 



216.0 144. 



DNA(pmole) 16800 8400 4200 2100 



2100 1050 525 262.5 131 



1543.8 1470.2 854.8 518.7 234.4 

1497.0 1640.8 908.4 490.3 425.1 

1890.0 1189.3 741.1 505.2 232.8 

1478.6 1515.4 637.5 591.0 247.8 

766.2 744.5 998.7 667.6 239.5 

366.6 293.0 384.9 369.9 192.6 

155.9 130.8 219.4 289.6 276.3 

150.8 77.3 122.4 67.2 35.5 



DORI/DOPE (2/8) 

Calionic lipid (pmole) 

DNA (pmole) 16800 8400 4200 2100 1050 525 262.5 131 



6060 235.3 1102.5 1307.2 742.2 566.6 166.3 31.8 52.5 

3030 -63.0 788.7 1821.5 1274.9 623.2 145.6 68.0 38.7 

1515 -107.8 18.0 1078.4 1407.7 749.1 190.4 88.7 111.1 

758 -125,1 -94.0 2060 737.0 680.1 206.0 95.6 62.9 

379 -123.3 -83.7 68.0 497.3 245.6 193.9 66.3 52.5 

189 -125.1 -95.8 -61.3 247.3 169.8 130.1 95.6 50.8 

95 -125.1 -118.2 - 95.8 137.0 73.2 52.5 45.6 9.4 

47 -128.5 -123.3 - 82.0 -14.7 228.4 24.9 62.9 21.5 



B. Cholesterol 
Cholesterol (CHOL) was added to DORI at a molar 
ratio of DORI/CHOL 7/3 and the lipid formulation 
used to transfect COS.7 cells at a density of 40,000 4° 



of Example 14B. The same cells were transfected using 
DORI/DOPE for a comparative value. The formula- 
tion were evaluated for their comparative transfective 
efficiency by the expression of j3-galactosidase activity 
as indicated in FIG. 9 and the Tables below: 



DORl/CHOL (10/0) 



cells/well with pSV2-lacZ according to the procedure 



DNA (pmole) 16800 8400 4200 2100 1050 525 262.5 
1810.3 680.5 55.6 0.0 0.0 



1232.5 1784.6 
626.2 1437.9 



43 



5,264,618 



44 



DORI/DOPE (5/5) 



lie lipid (pinole) 



DNA(pmole) 16800 8400 4200 2100 1050 525 262 .5 

6060 596.9 1858.9 2010.5 1917.0 1283.9 445.3 273.9 

3030 162.0 1914.2 1936.8 1921,2 965.2 265.4 271.1 

1515 109.6 1624.0 1646.5 1775.4 1109.6 462.3 91.2 

758 11.9 598.3 722.9 1064.3 1432.6 218.7 99.7 

379 -19.3 44I.I 385.8 837.7 1077.1 486.4 237.1 

189 - 85.8 145.0 356.1 333.4 582.7 391.5 85.6 

95 -151.0 40.2 78.5 21.8 210.2 54.4 33.1 



There wfll be various modifications, improvements, 
and applications of the disclosed invention that will be 
apparent to those skilled in the art, and the present 
application is intended to cover such embodiments. 
Although the present invention has been described in 
the context of certain preferred embodiments, it is in- 
tended that the full scope of the disclosure be measured 
by reference to the following claims. 

What is claimed is: 

1. A composition having the structure 



HzC— Y'— R' 
HC— Y2— r2 



(1) 



r5_o-r6_r7 

wherein 

Y' and are the same or different and are, 
(O)- or-O-; 

R' is H, or Ci to C24 alkyl or alkenyl; 

R2 is Ci to C24 alkyl or alkenyl; 

R3 and R^ are the same or different and are Cj to C24 
alkyl, or H; 40 

RMs Ci to C24 alkyl straight chain or branched chain; 

R6 is — C(0)— (CH2)m— NH— , a diaminocarboxy- 
late ester group which is alkyl, aryl, or araikyl, or 
— C(0)— (CH2)m— NH- linked to said diamino- 
carboxylate ester group, or is absent; 45 

R' is H, spermine, spermidine, a histone, or a protein 
with DNA-binding specificity, or the same groups 
wherein the amine functionalities of the R'' moiety 
are quatemized with R^, Rt, or R' groups; or 

R^ is an L- or D-alpha amino acid having a positively 50 
charged group on the side chain, said amino acids 
comprising arginine, histidine, lysine or ornithine 
or analogues thereof, or wherein the amine of the 
R' moiety is quatemized with R', R* or R5 groups; 



R^ is a polypeptide selected from the group consisting 
of L-or D-alpha amino acids, wherein at least one 
of the amino acids residues comprises arginine, 
histidine, lysine, ornithine, or analogues thereof; 

n is 1 to 8; 6 

m is I to 18; and 

X is a non-toxic anion. 

2. A composition according to claim 1 wherein R3 
and R"* are individtially Ci to C23 alkyl groups, R5 is 
— (CH2)m— , R^is absent, R' is H, and R' and R2 indi- 6 



CH3-{CH2)a-{CH=CH-CH2)ir-(CH2)r- 

wherein the sum of a and c is from 1 to 23; and b is 0 to 
6. 

3. A composition according to claim 2, wherein Y' 
and Y^ are alike and are — O— C(0)— . 

4. A composition according to claim 3, which is DL- 
l,2-dioleoyl-3-dimethylaminopropyl-/J-hydroxye- 
thylammonium and its salts. 

5. A composition according to claim 2 wherein Y' 
and Y2 are alike and are — O— . 

6. A composition according to claim 5, which is 1,2- 
0-dioleyl-3-dimethylaminopropyl-;3-hydroxyethylam- 
monium and its salts. 

7. A composition according to claim 2 wherein Y' 
and Y2 are different and are either — O— or —O— C- 
(O)-. 

8. A composition according to claim 7 which is 1-0- 
oleyl-2-oley]-3-dimethylaminopropyl-i3-hydroxye- 
thylammonium and its salts. 

9. 3,5-(N,N-dilysyl)-diaminobenzoyl-3-(DL-l,2-diole- 
oy]-dimethylaminopropyl-/3-hydroxyethylamine). 

10. 3,5-(N,N-dilysyl)-diaminobenzoylglycyl-3-(DL- 
l,2-dioleoyl-dimethylaminopropyl-/3-hydroxyethyla- 
mine). 

11. L-spermine-5-carboxyl-3-(DL-l,2-dioleoyldime- 
thylaminopropyl-/3-hydroxyethylamine). 

12. A composition having the structure 

H2C— Y'— R' (11) 



>r an optical isomer thereof, wherein 
Y' and Y^ are different and are either, — O— C(0)— 

or — O— ; 
R' is Ci to C24 alkyl or alkenyl, or H; 
R2 is Ci to C24 alkyl or alkenyl; 
R\ R" and R5 are the same or different and are H, Ci 

to Ci4 alkyl, C7 to Cn aryl or alkaryl, or at least 

twoofR3, R^and 
R5 are taken together to form quinuclidino, piperi- 

dino, pyrrolidino, or morpholino; and 
X is a non-toxic anion. 



